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ABSTRACT 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of t u r b u l e n t  f l o w  o v e r  a c a v i t y  in  an  
a e r o d y n a m i c  s u r f a c e  h a s  b e e n  c o n d u c t e d .  T h e  t e s t  w a s  " c a r r i e d  ou t  a t  
n o m i n a l  M a c h  n u m b e r s  of  4 a n d  8, w i t h  R e y n o l d s  n u m b e r s  b a s e d  on 
f r e e - s t r e a m  c o n d i t i o n s  a n d  l e n g t h  of  b o d y  a h e a d  of  t h e  c a v i t y  of  8 .0  x 106 
a n d  11.0  x 106 , r e s p e c t i v e l y .  T w o  c o n d i t i o n s  of  w a l l - t o - f r e e - s t r e a m  
s t a g n a t i o n  t e m p e r a t u r e  r a t i o ,  0 . 4  a n d  0 . 8 ,  w e r e  i n v e s t i g a t e d  a t  M = 8.09,  
w h e r e a s  at  M,¢ = 3 . 9 9 ,  t h e  t e m p e r a t u r e  r a t i o  w a s  0 . 7 5 .  F o r  a l l  t e s t s ,  
t h e  r a t i o  of  i n i t i a l  b o u n d a r y - I a y e r  t h i c k n e s s  to  c a v i t y  d e p t h  w a s  a p p r o x i -  
m a t e l y  0 . 2 .  M e a s u r e m e n t s  w e r e  m a d e  of  s u r f a c e  p r e s s u r e  a n d  t e m -  
p e r a t u r e ,  a n d  f l o w  f i e l d  s u r v e y s  of  p i t o t  and  s t a t i c  p r e s s u r e s  a n d  t o t a l  
t e m p e r a t u r e  w e r e  p e r f o r m e d .  T h e  t e s t  r e s u l t s  s h o w e d  t h a t  t h e  
r e c i r c u l a t i n g  f l u i d  t e m p e r a t u r e  w a s  no t  l e s s  t h a n  0 . 7  t i m e s  t h e  f r e e -  
s t r e a m  s t a g n a t i o n  t e m p e r a t u r e  d e s p i t e  d e c r e a s e  o f  t h e  w a l l  t e m p e r a t u r e  
to  0 . 4  t h e  f r e e - s t r e a m  v a l u e .  ,4 s a t i s f a c t o r y  c o r r e l a t i o n  w a s  o b t a i n e d  
b e t w e e n  t h e  e x p e r i m e n t a l  v e l o c i t i e s  a n d  t h e  e r r o r  f u n c t i o n  p r o f i l e  o f  
G o e r t l e r ,  and  t he  d i s t r i b u t i o n  of  t o t a l  t e m p e r a t u r e  a c r o s s  t h e  m i x i n g  
l a y e r  w a s  a d e q u a t e l y  d e s c r i b e d  by  C r o c c o ' s  l i n e a r  r e l a t i o n  of  t o t a l  t e m -  
p e r a t u r e  a n d  v e l o c i t y .  A v a l u e  of  t h e  m i x i n g  z o n e  s i m i l a r i t y  p a r a m e t e r  
n e a r  12 w a s  f o u n d  r e g a r d l e s s  of  M a c h  n u m b e r  o r  w a l l - t o - f r e e - s t r e a m  
s t a g n a t i o n  t e m p e r a t u r e  r a t i o .  
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SECTION I 
INTRODUCTION 

A separated flow may be produced by either imposing a pressure 
rise on an established boundary layer, as by deflecting a control 
surface, or by terminating the surface on which the boundary layer 
has developed, as occurs at the base of bodies and at the upstream edge 
of surface cavities. Such flows are of considerable interest to flight 
vehicle designers because of their association with problems of control 
effectiveness, base drag, and base heating of missiles. The separated 
flow over a cavity is of interest in those cases where recesses are to be 
found in the aerodynamic surface of flight vehicles. 

In response to the need for understanding of separated flows, several 
authors have presented work covering various aspects of the problem. 
Crocco and Lees (Ref. 1) published a very general integral approach to 
the calculation of laminar or turbulent separated flow fields which has 
been applied by Glick (Ref. 2) to the case of laminar boundary-layer shock 
wave interaction. Chapman (Ref. 3) solved the boundary-layer equations 
for laminar flow over a cavity, and Larson (Ref. 4) performed wind 
tunnel tests in the supersonic speed range using Chapman's mathematical 
model as a guide to the design of the experiment. The work of Korst and 
Chow (Ref. 5) is particularly interesting in that it derives one fixed pro- 
file form each for velocity and total temperature of a fully developed 
turbulent separated flow and relates these profiles to the flow geometry of 
the actual problem through a set of integral relations. Larson and co- 
workers (Ref. 6) published the results of detailed studies of a turbulent 
base separation at a supersonic Mach number. None of the above theoreti- 
cal approaches (Refs. I, 3, and 5) in its most general form, is sufficient 
in itself to calculate the turbulent separated flow over a cavity or at the 
base of a vehicle. Additional empirical information must be provided which 
can be verified only by experiments such as those of Refs. 4 and 6. For 
example, in the theoretical work of Chapman, in the absence of experi- 
mental data on cavity flow total temperature distributions, the assumption 
was made that the temperature of the recirculating fluid under the 
separated boundary layer was equal to the body wall temperature. The 
experimental work of Larson (Ref. 4) supplied data which indicated the 
recirculating fluid temperature remained closer to the free-stream total 
temperature than to the wall temperature, and Chapman's assumption could 

be amended. Korst and Chow (Ref. 5) derive the velocity profile of the 
separated boundary layer to be the error function profile of Goertler and 
assume that the temperature-velocity relation of Crocco is valid. A 
similarity parameter, o, appears in the Korst and Chow theory, and the 
total temperature ratio across the mixing layer must be determined and 

verified by experiment. 
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The  p u r p o s e  of the p r e s e n t  t e s t s  was  to s u p p o r t  such  t h e o r e t i c a l  
a n a l y s i s  wi th  d e t a i l e d  e x p e r i m e n t a l  t u r b u l e n t  c a v i t y  f low f i e ld  da ta  at 
a h y p e r s o n i c  Mach  n u m b e r .  The  e x p e r i m e n t  was  d e s i g n e d  to p r o d u c e  
da ta  wi th  the s i m p l e s t  i n i t i a l  and b o u n d a r y  cond i t i ons  p o s s i b l e ,  to 
c o r r e s p o n d  with  the a s s u m p t i o n s  u s u a l l y  m a d e  in m a t h e m a t i c a l  a n a l y s i s .  
An i n t e r n a l l y  a i r - c o o l e d ,  2 0 - c a l ,  t angen t  og ive  c y l i n d e r  m o d e l  was  
m a d e ,  wi th  the  cav i ty ,  f o r m e d  by a r e d u c t i o n  in c y l i n d e r  d i a m e t e r ,  lo -  
c a t e d  wel l  aft in a r e g i o n  of u n i f o r m  p a r a l l e l  f low. The  m o d e l  s t a t i c  
p r e s s u r e  and wa l l  t e m p e r a t u r e  w e r e  he ld  c o n s t a n t  fo r  s o m e  d i s t a n c e  
u p s t r e a m  on the  f o r e b o d y .  The  l a r g e  s i z e  of the 40- in .  s u p e r s o n i c  
tunne l  (Gas D y n a m i c  Wind Tunne l ,  S u p e r s o n i c  (A)) and the 50- in .  Mach  8 
tunne l  (Gas D y n a m i c  Wind Tunne l ,  H y p e r s o n i c  (B)) of the yon K a r m a n  
Gas  D y n a m i c s  F a c i l i t y  (VKF) a d m i t t e d  a m o d e l  long  enough  to p r o d u c e  
a n a t u r a l l y  t u r b u l e n t  b o u n d a r y  l a y e r  at the u p s t r e a m  edge  of the  cav i ty ,  
and the c o n t i n u o u s  f low in t h e s e  wind t unne l s  a l l o w e d  d e t a i l e d  f low s u r v e y s  
to be m a d e  fo r  v a r i o u s  s t e a d y  e x p e r i m e n t a l  cond i t i ons .  

The  t e s t s  w e r e  p e r f o r m e d  at Mach  n u m b e r s  of 3 .99  and 8 .09 ,  at 
f r e e - s t r e a m  uni t  Reyz~c.lds n u m b e r s  of 2 . 4  and 3 .3  m i l l i o n / f t ,  r e s p e c -  
t i ve ly .  At Mach 8 .09 ,  da ta  w e r e  ob t a ined  fo r  two v a l u e s ,  0 .4  and 0 .8 ,  
of w a l l - t o - f r e e - s t r e a m  s t a g n a t i o n  t e m p e r a t u r e .  

2.1 MODEL 

SECTION II 
APPARATUS 

The m o d e l  (Fig .  1) was  a 2 0 - c a l  t a n g e n t  ogive  c y l i n d e r  of 5 8 . 5 - i n .  
o v e r a l l  l eng th  and 5 . 5 - i n .  d i a m e t e r .  The  c a v i t y  s e c t i o n  b e g a n  40 .5  in. 
aft on the m o d e l  and c o n t i n u e d  fo r  6 in. at a r e d u c e d  d i a m e t e r  of 2 . 0  i n . ,  
p r o v i d i n g  a c a v i t y  of 1 . 7 5 - i n .  r a d i a l  depth.  A i r  coo l i ng  was  a c c o m -  
p l i s h e d  by d o u b l e - w a l l  c o n s t r u c t i o n  of the m o d e l ,  a l l owing  fo r  a coo l an t  
p a s s a g e  b e t w e e n  the i n n e r  l i n e r  and the m o d e l  wa l l  i t se l f .  The  m a t e r i a l  
was  s t a i n l e s s  s t e e l .  

The  m o d e l  f o r e b o d y  and c a v i t y  w e r e  i n s t r u m e n t e d  both fo r  s t a t i c  
p r e s s u r e  m e a s u r e m e n t ,  u s i n g  s t a n d a r d  p r e s s u r e  o r i f i c e s ,  and f o r  s t e a d y -  
s t a t e  s u r f a c e  t e m p e r a t u r e  m e a s u r e m e n t .  

For flow visualization studies, the model was fitted with a flow 
splitter plate, and motion-picture sequences of oil flow in the cavity 
were taken. The plate was not present except for this part of the test. 
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2.2 WIND TUNNELS 

T u n n e l s  A and  B (F ig .  2) w e r e  u s e d  f o r  t h i s  e x p e r i m e n t .  T u n n e l  A 
is  a v a r i a b l e  M a c h  n u m b e r ,  f l e x i b l e  n o z z l e ,  s u p e r s o n i c  t u n n e l  w i th  a 
4 0 - i n .  s q u a r e  t e s t  s e c t i o n .  T u n n e l  B is  a c o n t o u r e d  a x i s y m m e t r i c  t u n n e l  
w i th  a M a c h  n u m b e r ,  at  8 0 0 - p s i a  s t a g n a t i o n  p r e s s u r e ,  of  8 . 09 ,  and  a t e s t  
s e c t i o n  50 in. in  d i a m e t e r .  B o t h  wind  t u n n e l s  a r e  c a p a b l e  of c o n t i n u o u s  
o p e r a t i o n  u s i n g  s u p p l y  a i r  f r o m  the  V K F  c o m p r e s s o r  p l a n t  (Ref .  7). 

2.3 FLOW SURVEY PROBES 

T h e  f o r e b o d y  b o u n d a r y  l a y e r  a t  M~ = 3. 99 w a s  m e a s u r e d  wi th  a 
1 0 - t u b e  p i to t  r a k e ,  e a c h  t u b e  of  w h i c h  w a s  0. 032 in. in d i a m e t e r .  T h e  
f l o w  f i e l d  s u r v e y s  a t  t h i s  M a c h  n u m b e r  w e r e  m a d e  wi th  a 0. 0 6 2 - i n .  - d i a m  
p i to t  p r o b e  and  a t o t a l  t e m p e r a t u r e  p r o b e  c o n s i s t i n g  of a t h e r m o c o u p l e  
i n s i d e  a s i n g l e ,  v e n t e d ,  0. 0 9 3 - i n . - d i a m  tube .  At M = 8 .09 ,  t he  p i to t  
and  f low f i e l d  s t a t i c  p r e s s u r e s  w e r e  m e a s u r e d  s i m u l t a n e o u s l y  w i t h  a t w o -  
t ube  p r o b e  (F ig .  3a), e a c h  tube  of w h i c h  w a s  0. 032 in. in d i a m e t e r .  T h e  
t o t a l  t e m p e r a t u r e  w a s  m e a s u r e d  wi th  a d o u b l e - s h i e l d e d ,  v e n t e d ,  0. 1 2 5 - i n . -  
d i a m  t h e r m o c o u p l e  p r o b e  (F ig .  3b), w h i c h  w a s  p a i r e d  wi th  a l a r g e  d i a m e t e r  
p i t o t  p r o b e  f o r  m o n i t o r i n g  p u r p o s e s .  

2.4 FLOW VISUALIZATION EQUIPMENT 

T h e  s h a d o w g r a p h  e q u i p m e n t  u s e d  w a s  a s t a n d a r d ,  d i v e r g e n t - r a y ,  
s p a r k  s h a d o w g r a p h  s y s t e m .  F o r  the  oil  f low w o r k ,  a l ow  v i s c o s i t y  s i l i c o n e  
oil ,  w i t h  r e d  dye  a d d e d ,  was  i n j e c t e d  on to  t he  m o d e l  s u r f a c e  a n d  the  
t a p e r e d  f low s p l i t t e r  p l a t e  t h r o u g h  the  m o d e l  s t a t i c  p r e s s u r e  o r i f i c e s .  

SECTION III 
PROCEDURE 

3.1 TEST CONDITIONS 

T h e  w i n d  t u n n e l  s t a g n a t i o n  p r e s s u r e  and  t e m p e r a t u r e  w e r e  m e a s u r e d  
at  e a c h  t e s t  c o n d i t i o n  and  w e r e  u s e d ,  wi th  w i n d  t u n n e l  c a l i b r a t i o n  da t a ,  
to  d e t e r m i n e  f r e e - s t r e a m  M a c h  and  R e y n o l d s  n u m b e r s  and  to  c a l c u l a t e  
t he  f r e e - s t r e a m  s t a t i c  p r e s s u r e  and  t e m p e r a t u r e .  
c, o n d i t i o n s  of t h e  p r e s e n t  t e s t  a r e  o u t l i n e d  b e l o w :  

T h e  a v e r a g e  o p e r a t i n g  

3.99 37 675 0.247 161 2.4 x 10 ~ 

8.09 800 1345 0.076 95 3.3 x 10 ~ 

~'I P%o' psia To , °R p~,psia T ,°R Re /ft 
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3.2 PROCEDURE 

F o l l o w i n g  t h e  e s t a b l i s h m e n t  of  s t e a d y  f l o w  in  t h e  w i n d  t u n n e l s ,  t h e  
m o d e l  c o o l i n g  a i r  s u p p l y  w a s  a d j u s t e d  u n t i l  t h e  f o r e b o d y  t h e r m o c o u p l e s  
i n d i c a t e d  t h e  d e s i r e d  m o d e l  w a l l  t e m p e r a t u r e .  M o d e l  s u r f a c e  p r e s -  
s u r e s  a n d  t e m p e r a t u r e s  w e r e  t h e n  r e c o r d e d .  F o l l o w i n g  t h i s ,  t h e  s u r v e y  
p r o b e  w a s  l o c a t e d  a t  t h e  d e s i r e d  m o d e l  s t a t i o n  a n d  m o v e d  r a d i a l l y  
o u t w a r d  u n t i l  t h e  u n i f o r m  e x t e r n a l  f l o w  w a s  r e a c h e d .  F o r  t h e  s u r v e y s  
of  t h e  r e v e r s e  f l o w  a l o n g  t h e  c a v i t y  f l o o r ,  t h e  a b o v e  p r o c e d u r e  w a s  
f o l l o w e d  w i t h  t h e  s u r v e y  p r o b e  p o i n t i n g  d o w n s t r e a m  w i t h  r e s p e c t  to  t h e  
f r e e - s t r e a m  d i r e c t i o n .  T a b l e  I c o n t a i n s  a s u m m a r y  of  m e a s u r e m e n t s  
m a d e .  

3.3 DATA REDUCTION 

3.3.1 Forebody Velocity Profiles 

The forebody survey pitot pressures were combined with the wall 
static pressure, assumed constant across the boundary layer, to cal- 

Tw 
culate local Mach number. For ,~,I = 8.09, To - 0. 8, measured total 

temperatures, extrapolated to the wall temperature, were used, with 
the local Mach number, to calculate velocity. In the absence of meas- 

Tw 
ured total temperature at Moo = 3.99 and 8.09, To - 0. 4, Crocco's 

relation between velocity and total temperature (Appendix I), was used 
in an iterative procedure to determine the velocity. 

T o  d e t e r m i n e  t h e  s k i n  f r i c t i o n  t e r m  a p p e a r i n g  in  t h e  u n i v e r s a l  
v e l o c i t y  p r o f i l e  c o r r e l a t i o n  ( A p p e n d i x  II),  t h e  c a l c u l a t e d  v e l o c i t i e s  
n e a r e s t  t h e  w a l l  w e r e  u s e d  to  f o r m  t h e  d e r i v a t i v e  au at  t h e  w a l l .  

3.3.2 Cavity Flow Field Profiles 

The variation of Mach number across the mixing layer at M~ = 3.99 
was obtained using the measured pitot pressures and the surface static 
pressure measured on the cavity floor at the station being surveyed, 
assuming this pressure to be constant across the mixing layer. Ex- 
perimental total temperatures were used with these Mach numbers to 
calculate velocity. 

The pitot pressure, flow field static pressure, and total temperature 
used in the calculations of mixing layer velocity were all measured at 

Tw 
M = 8.09 except for T--~-- -- 0.4, ~ = 1.5 and 2.0. For these cases, the 

o,o 

flow field static pressure was not measured, and for calculations, the 
surface pressure on the cavity floor at those survey stations was assumed 

4 
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constant across the plane of survey. The total temperatures at those 
points in the reverse-flow boundary layer close to the wall that the 
temperature probe could not reach, were interpolated between measured 

values and the wall temperature. 

The correlation of velocities with the error function profile 
(Appendix Ill) first required the location on each velocity profile of the 
point at which the velocity was one-half that at the free-stream edge 
of the mixing layer. This point at which u - 0.5 was the origin v = 0 u~ 
of the correlation coordinate system and was determined from large 
scale plots of each velocity profile. Two quantities were to be found; 
the distance, Xo, from the front edge of the cavity to the effective origin 
of the mixing layer profiles and the coefficient, o, describing the rate 
of growth in width of the "mixing layer. These were chosen for the set 

of mixing layer profiles at and downstream of i = 2 in. at each test condi- 
tion, to give the best fit between experimental and theoretical slope of 

velocity with vertical distance at the point ~ - 0.5. 

T h e  c o r r e l a t i o n s  of  m e a s u r e d  t o t a l t e m p e r a t u r e ,  w i t h  C r o c c o ' s  
t e m p e r a t u r e  r e l a t i o n  f o r  t h e  e r r o r  f u n c t i o n  v e l o c i t y  p r o f i l e ,  m a d e  u s e  
of  t h e  v a l u e s  of  o and  Xo e s t a b l i s h e d  f r o m  t h e  v e l o c i t y  p r o f i l e s .  T h e  
a d d i t i o n a l  q u a n t i t i e s  n e e d e d  f o r  t h i s  c o r r e l a t i o n  w e r e  t he  t o t a l  t e m p e r a -  
t u r e s  of t h e  f l u i d  a t  t h e  f r e e - s t r e a m  and  z e r o - v e l o c i t y  e d g e s  of t h e  
m i x i n g  l a y e r .  E x p e r i m e n t a l  v a l u e s  of t h e s e  t e m p e r a t u r e s  w e r e  u s e d .  

3.4 PRECISION OF DATA 

During the course of the test, the maximum deviations from the 

average operating conditions were within the following limits: 

pooo To 'l w ,"To 
Oo o o  

±1.5 percent ±2 percent -+5.5 percent 

T h e r e  w a s  n e g l i g i b l e  v a r i a t i o n  in M a c h  n u m b e r  f r o m  t h e  s t a t e d  c o n d i -  

t i o n s .  

T h e  e s t i m a t e d  p r e c i s i o n  of m e a s u r e m e n t s  w a s  a s  f o l l o w s :  

1. A l l p r e s s u r e  m e a s u r e m e n t s :  +1 p e r c e n t  o r  +0. 004 p s i a ,  
w h i c h e v e r  i s  g r e a t e r .  

2. M o d e l  w a l l  t e m p e r a t u r e :  +1 p e r c e n t  

3. S t i l l i n g  c h a m b e r  s t a g n a t i o n  t e m p e r a t u r e :  w i t h i n  2 p e r c e n t  

of  t h e  t r u e  v a l u e .  

5 
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. 

. 

F low f ie ld  tota l  t e m p e r a t u r e :  The tota l  t e m p e r a t u r e  p r o b e s  
r e a d  c o n s i s t e n t l y  l o w e r  than the s t i l l i ng  c h a m b e r  p robe  by 
an amount  not g r e a t e r  than 1 p e r c e n t ,  when f r e e - s t r e a m  
r e a d i n g s  w e r e  c o m p a r e d .  

The m o d e l  was a l i gned  with the flow to wi th in  0. 3 deg. 

SECTION IV 
RESULTS AND DISCUSSION 

The initial and boundary conditions for development of the cavity 
flow field are described in Figs. 4 and 5, and the data are presented in 
Tables II, Ill, and IV. The static pressure gradient along the forebody 
ahead of the cavity was zero for all cases (Fig. 4a); and the wall-to-free- 
stream temperature ratio (Fig. "46) was constant in this region within 
J:0.04 in Tw/To • The increase in static pressure ratio in the cavity over 
that of the forebody was associated with a weak shock wave system, which 
was observed in shadowgraphs. Along the floor of the cavity the wall 
temperature rises slightly going toward the downstream face; however, 
the static pressure remained essentially constant, indicating that the mix- 
ing layer developed in a region of zero streamwise pressure gradient. The 
only complete surface temperature distribution obtained at M = 8.09, 
that for Tw/To = 0.45, is included to illustrate the close agreement be- 
tween the forebody and cavity temperatures at this Mach number. 

The v e l o c i t y  p r o f i l e s  of Fig.  5a ind ica te  that  the f low ou t s ide  the 
b o u n d a r y  l a y e r  was  of u n i f o r m  v e l o c i t y  and that  the  b o u n d a r y - l a y e r  
t h i c k n e s s  was of the o r d e r  of 0 .3  in. F o r  t h e s e  t e s t s ,  with a cav i ty  of 
1 . 7 5 - i n .  r a d i a l  depth,  the r a t io  of in i t i a l  b o u n d a r y - l a y e r  t h i c k n e s s  to 
cav i ty  depth  was a p p r o x i m a t e l y  0. 17. At ~1 = 3.99 and 8 .09,  
T w / T o  = 0 .8 ,  the in i t i a l  b o u n d a r y  l a y e r  was tu rbu len t  (Fig.  5b); how- 
e v e r ,  at M = 8. 09, T w / T o  ~ 0 .4 ,  the b o u n d a r y  l a y e r  had not qui te  c o m -  
p l e t e d  t r a n s i t i o n .  

The  s c h e m a t i c  d i a g r a m  of Fig .  6a i l l u s t r a t e s  the f e a t u r e s  of the cav i ty  
f low of the  p r e s e n t  e x p e r i m e n t .  The m i x i n g  l a y e r  d e v e l o p s  f r o m  the 
in i t i a l  b o u n d a r y  l a y e r  and p r o c e e d s  a c r o s s  the cavi ty .  At the cav i ty  down-  
s t r e a m  face,  a p o r t i o n  of the flow i m p i n g e s  on the cav i ty  wall ,  c a u s i n g  the 
e l e v a t e d  s u r f a c e  p r e s s u r e s  and t e m p e r a t u r e s  in th is  r e g i o n  no ted  in 
Fig.  4. Th i s  i m p i n g i n g  flow then  p r o c e e d s  t o w a r d  the cav i ty  f l o o r  and 
t hence  u p s t r e a m  as a r e c i r c u l a t i n g  r e v e r s e  flow. A r e v e r s e - f l o w  b o u n d a r y  
l a y e r  f o r m s  b e t w e e n  th is  r e c i r c u l a t i n g  flow and the cav i ty  wall .  The ac t ion  
of t u r b u l e n t  f luid in the l o w e r  v e l o c i t y  r e g i o n  of the  m i x i n g  l a y e r  r e c o v e r s  
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the  f lu id  wh ich  has  c i r c u l a t e d  in the  c a v i t y  and  c a r r i e s  it a long  as p a r t  
of the  m i x i n g  l a y e r  un t i l  it aga in  i m p i n g e s  on the  aft  f ace  of the c a v i t y .  
The  oil  f low p h o t o g r a p h  (F ig .  6b) shows  the v o r t e x  n a t u r e  of the r e -  
c i r c u l a t i n g  flow. The  oi l  s t r e a m e r  s e e n  l e av ing  the  s p l i t t e r  p la te  was  
c o n t i n u o u s l y  b lown b a c k  onto the aft f ace ,  t h e n c e  t o w a r d  the c a v i t y  f loo r ,  
and back  onto the s p l i t t e r  p l a t e .  

The  , , e l o c i t y  and to ta l  t e m p e r a t u r e  p r o f i l e s  m e a s u r e d  at M~¢ = 8 .09 ,  
Tw 

- 0 .4  ~Fig. 7), show the  f e a t u r e s  ou t l i ned  above .  The m i x i n g  
W o 

l a y e r ,  wh ich  has  d e v e l o p e d  f r o m  the in i t i a l  f o r e b o d y  b o u n d a r y  l a y e r ,  the 
r e c i r c u l a t i n g  flow, and a b o n n d a r y  l a y e r  d e v e l o p e d  on the c a v i t y  f l o o r  
a r e  shown.  The  v e l o c i t y  p r o f i l e  b e t w e e n  the m i x i n g  l a y e r  and the  f low 
b o u n d a r y  l a y e r  is l i n e a r  i n d i c a t i n g  a so l id  r o t a t i o n  v o r t e x  s t r u c t u r e  with 
v e l o c i t y  p r o p o r t i o n e d  to d i s t a n c e  f r o m  the  c e n t e r .  The v o r t e x  is e lon -  
ga t ed  a long  the cav i ty ,  and the oil  f low p h o t o g r a p h  (Fig .  6b) i n d i c a t e s  tha t  
it is con f ined  to the d o w n s t r e a m  t w o - t h i r d s  of the cav i ty .  The  m a g n i t u d e  
of the r e v e r s e - f l o w  v e l o c i t y  r e a c h e s  a m a x i m u m  v a l u e  n e a r l y  0 .5  t i m e s  
the  f r e e - s t r e a m  v e l o c i t y .  In the  u p s t r e a m  c o r n e r  of the cav i ty ,  u p s t r e a m  
of the v o r t e x  flow, is a r e g i o n  of i n a c t i v e  f lu id  (Fig .  6b). 

The total temperature profiles of Fig. 7b supply information relative 
to the question of recirculating fluid temperature. Here, although the 
wall temperature is only 0.4 times the free-stream total temperature, 
the recirculating fluid remains at a temperature averaging 0.75 To 
until the reverse-flow boundary layer is reached. It is within this cavity 
floor viscous layer that the largest part of the temperature drop from 
free-stream to wall value takes place. A summary of the experimental 
measured and calculated data at £ = 3 for the above conditions is presented 
in Fig. 7c, and complete data are presented in Table V. 

With r e g a r d  to the  a s s u m p t i o n  of K o r s t  and Chow (Ref.  5) tha t  the 
v e l o c i t y  p r o f i l e s  of a m i x i n g  l a y e r  can  be a d e q u a t e l y  r e p r e s e n t e d  by the  
e r r o r  f u n c t i o n  p r o f i l e  (Appendix  III), the c o r r e l a t i o n s  of Fig .  8 i n d i c a t e  
tha t  th is  a s s u m p t i o n  is s a t i s f a c t o r y  even  at h y p e r s o n i c  Mach  n u m b e r s .  
T o w a r d  the o u t e r  r e g i o n ,  w h i c h  b e c a u s e  of i ts  h i g h e r  v e l o c i t y  c o n t r i b u t e s  
m o s t  to the m o m e n t u m  of the flow, the m a x i m u m  d i f f e r e n c e  b e t w e e n  the  
e r r o r  func t ion  and the  e x p e r i m e n t a l  v e l o c i t i e s  is about  5 p e r c e n t .  

The assumption that Crocco's linear relation between velocity and 
total temperature (Appendix I) is useful as an engineering approximation 
is also borne out by the experimeatal results (Fig. 9), although the form 
of the temperature distribution does not follow the form of the theory. 
The experimental data follow the form of the total temperature distribution 

7 
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in a boundary layer of air (Pr = 0.7) over an insulated plate (Appendix I 

and Ref. 8), in that there is a migration of energy to the outer layers 
of fluid, resulting in an excess of total temperature above either the 

wall temperature or the free-stream total temperature. The errors in- 
volved, however, with using the Crocco relation as an approximation to 

the total temperature distribution in the present case are less than 
7 percent. 

T h e  m a n n e r  in wh ich  hea t  t r a n s f e r  f r o m  the  o u t e r  s t r e a m  to the  
c a v i t y  wal l  t a k e s  p l a c e  i n v o l v e s  bo th  the  m i x i n g  l a y e r  and  the  r e v e r s e -  
f low b o u n d a r y  l a y e r .  High  t e m p e r a t u r e  f l u id  is  r e c e i v e d  in to  the  
c a v i t y  f r o m  the  m i x i n g  l a y e r  at  the  c a v i t y  d o w n s t r e a m  f ace .  T h i s  f l u id  
t h e n  p a s s e s ,  in p a r t ,  in to  the  c a v i t y  f l o o r  b o u n d a r y  l a y e r ,  and  hea t  is  
t r a n s f e r r e d  f r o m  the  f lu id  to  the  c a v i t y  wal l .  T h e  c o o l e r  r e v e r s e - f l o w  
b o u n d a r y - l a y e r  f l u id  t hen  p a s s e s  up into ,  and  b e c o m e s  p a r t  of, the  m i x i n g  
l a y e r  n e a r  the  u p s t r e a m  face  of the  c a v i t y .  As the  m i x i n g  l a y e r  p r o -  
c e e d s  d o w n s t r e a m ,  e n e r g y  is t r a n s f e r r e d  a c r o s s  the  m i x i n g  l a y e r  
f r o m  the  f r e e  s t r e a m  to the  c o o l e r  r e v e r s e - f l o w  f lu id .  T h e  g r e a t e s t  
r e s i s t a n c e  to the  f low of h e a t  is  the  r e v e r s e - f l o w  b o u n d a r y  l a y e r ,  
w h i c h  r e q u i r e s  a l a r g e  t e m p e r a t u r e  d i f f e r e n c e  to  t r a n s f e r  an  a m o u n t  
of h e a t  "which the m i x i n g  l a y e r  c a n  t r a n s f e r  i n t e r n a l l y  wi th  v e r y  l i t t l e  
t e m p e r a t u r e  d r o p .  It is  f o r  t h i s  r e a s o n  t ha t  the  t e m p e r a t u r e  is n e a r l y  
c o n s t a n t  a c r o s s  the  m i x i n g  l a y e r  and r e c i r c u l a t i n g  f low,  d r o p p i n g  
r a p i d l y  only  in  t he  r e v e r s e - f l o w  b o u n d a r y  l a y e r .  

T h e  v a l u e s  of o u s e d  in the  c o r r e l a t i o n s  of m i x i n g  l a y e r  v e l o c i t y  wi th  
the  e r r o r  f u n c t i o n  v e l o c i t y  p r o f i l e  (F ig .  8) w e r e  a l l  n e a r  12, as  s h o w n  in 
F ig .  10. T h i s  is  an a c c e p t e d  v a l u e  of a f o r  s u b s o n i c  f low (Ref .  9). T h e  
s u m m a r y  of  j e t - s p r e a d i n g  da t a  p r e s e n t e d  in Ref .  9 i n d i c a t e s  tha t ,  r a t h e r  
t h a n  12, the  v a l u e  of a at M = 3 . 9 9  s h o u l d  have  b e e n  abou t  25, and  tha t  
it  s h o u l d  be e v e n  h i g h e r  is s u g g e s t e d  by the  da ta  of C a r y  p r e s e n t e d  in t h i s  
r e f e r e n c e .  In Ref .  10 a c o m p a r i s o n  is  p r e s e n t e d  of a r e l a t i o n  f o r  a s u g -  
g e s t e d  by K o r s t  and  a r e l a t i o n  p r o p o s e d  by A b r a m o v i c h .  T h e  K o r s t  
e q u a t i o n  g i v e s  a v a l u e s  at  M o = 4 and  8 of 23 and 34, r e s p e c t i v e l y ,  w h e r e -  
as  the  A b r a m o v i c h  r e l a t i o n  g i v e s  17 .5  and  2 0 . 5 .  T h e  e x p e r i m e n t a l  w o r k  
of Ref .  11 i n d i c a t e d  tha t  w h e n  s h o c k  wave  d i s t u r b a n c e s  w e r e  l o c a t e d  n e a r  
the  o r i g i n  of the  m i x i n g  l a y e r ,  the  v a l u e  of a d r o p p e d  s h a r p l y  f r o m  i t s  
v a l u e  in  d i s t u r b a n c e - f r e e  f low.  T h e  p r e s e n c e  of the  w e a k  s h o c k  wave  
s y s t e m  at  the  b e g i n n i n g  of the  c a v i t y  f low r e g i o n  m a y  h a v e  a f f e c t e d  the  
p r e s e n t  e x p e r i m e n t a l  r e s u l t s  in  a s i m i l a r  m a n n e r .  

SECTION V 
CONCLUSIONS 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  of t u r b u l e n t  f low o v e r  a c a v i t y  in an  
a e r o d y n a m i c  s u r f a c e  ha s  b e e n  c o n d u c t e d .  The  t e s t  was  c a r r i e d  out  at 
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Mach  n u m b e r s  3 .99  and 8 .09 ,  wi th  R e y n o l d s  n u m b e r s  b a s e d  on f r e e -  
s t r e a m  cond i t i ons  and l e n g t h  of body  a h e a d  of the c a v i t y  of 8.0 x 106 
and 11 .0  x 106 , r e s p e c t i v e l y .  Two cond i t i ons  of w a l l - t o - f r e e - s t r e a m  
s t a g n a t i o n  t e m p e r a t u r e  ra t io ,  0 .4  and 0 .8 ,  w e r e  t e s t e d  at M~ = 8 .09 ,  
w h e r e a s  at M = 3. 99, the t e m p e r a t u r e  r a t i o  was  0 .75 .  F o r  a l l  t e s t s ,  
the  r a t i o  of in i t i a l  b o u n d a r y - l a y e r  t h i c k n e s s  to c a v i t y  depth  was  a p p r o x i -  
m a t e l y  0 .2 ,  and t h e r e  was  n e g l i g i b l e  m o d e l  wal l  t e m p e r a t u r e  o r  p r e s -  
s u r e  g r a d i e n t  u p s t r e a m  of the cav i ty .  Wi th in  th is  r a n g e  of v a r i a b l e s ,  
the fo l lowing  c o n c l u s i o n s  can  be m a d e :  

1. At M= = 8. 09, wi th  the wa l l  t e m p e r a t u r e  on ly  0 . 4  t i m e s  the  
f r e e - s t r e a m  s t a g n a t i o n  t e m p e r a t u r e ,  the r e c i r c u l a t i n g  f lu id  
to ta l  t e m p e r a t u r e  a v e r a g e d  0 .75  t i m e s  the f r e e - s t r e a m  va lue .  
The  f u r t h e r  d e c r e a s e  in t e m p e r a t u r e  f r o m  that  of the r e c i r -  
c u l a t i n g  f lu id  to tha t  at the wal l  took p l a c e  a c r o s s  the thin,  
r e v e r s e - f l o w  b o u n d a r y  l a y e r  a long  the c a v i t y  f l oo r .  

2. The c o m p r e s s i b l e - f l o w  e x p e r i m e n t a l  v e l o c i t i e s  c o r r e l a t e d  we l l  
wi th  the t h e o r e t i c a l  i n c o m p r e s s i b l e - f l o w  e r r o r  func t ion  p r o f i l e  
of G o e r t l e r .  

3. C r o c c o ' s  l i n e a r  r e l a t i o n  b e t w e e n  v e l o c i t y  and to ta l  t e m p e r a t u r e  
a d e q u a t e l y  d e s c r i b e d  the  to ta l  t e m p e r a t u r e  v a r i a t i o n  a c r o s s  the 
m i x i n g  l a y e r .  

4. The  m i x i n g  zone  s i m i l a r i t y  p a r a m e t e r ,  ~, was  n e a r  12 r e g a r d -  
l e s s  of Mach  n u m b e r  o r  wa l l  t e m p e r a t u r e  r a t i o .  
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Fig. 2 Wind Tunnels 
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Fig. 3 Flow Survey Probes 
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Fig. 6 Main Features of Experimental Cavity Flow 
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Fig. 8 Correlation of Experimental Velocity Profiles with the Error Function Profile 
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Uniform F l o w  
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, 7, Radius 
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1 . O - i n .  [ 
R a d i u s  

M - 3 . 9 9  M - 8 . 0 9  M m - 8 . 0 9  

T w / T o  m - 0 . 7 5  T w / T o ~  " 0 . 4 0  Tw/To  ~ - 0 . 8 0  

R e  - 2.4 x 106/ft Re - 3.3 x 106/ft Re = 3.3 x 106/ft 

o - 12.4, x ° - 1.6 Ln. O - 12.0, x ° - 0.75 in. o - 14.0, x ° = 0.75 in. 
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2 . 0  

a y  1 . 0  
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__ I __ • o (1 

Too u8 + T°u = 0; 
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x ° - 0.75 
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O 4 . 0  
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Fig. 9 Correlation of Experimental Total Temperature Profiles with Crocco Relation 
Derived with Error Function Velocity Profile 
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50 

~ Sym' M8 Tw/T°~ Re co o 

~ '  0 3.-99 0 .75  2 . 4  x 1 0 6 / f t  12 .4  

.~ 4 0 . -  0 7 .71  0 .40  3 .3  x 1 0 6 / f t  12 .0  

I A 7 .53  0 .80  3 .3  X 1 0 6 / f t  1 4 . 0 ~  

I Korst, from Ref. 10,--- k ~ I 

• ~ 30 

| ~ Maydew and / Abramovich, I 
/ ~ e e d  (:ef. y from Ref. i0 ~--~ I 

i0 / o = 12 
L_ Cary (Ref. ll) 

o I 
0 1 

Fig. 10 

I I 1 ! I I I 1 
2 3 4 5 6 7 8 9 

Mach Number, M 5 

Comparison of Experimental a Values with Proposed Theoretical 
Relations and Other Data 

10 
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/ ~o~- ~ r ~  ~,~,~ o 
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For u = 0.92, a -y = 1.0 
x 

a tan e0.92 = 1 

1 (~ - 
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a. No Initial Boundary Layer 
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_u 
i/iiii///// ~ u8 = 0.5 

/ 
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Fig. 11 

b. Initial Boundary Layer Present 

Free Mixing Layers with and without Initial Boundary Layer 
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Flow BOW Shock ~ Boundary Layer , ' -  

Pw, Tw - - - ~  
( 

.,= 
TO~ 

PO~ 
R e  

p® 

) 

~ )  O r i f i c e  Loca t ion  

I . . . .  

113) | 

Or£f i ce s  Centered 
0.06 below Edge 

A l l  Dimensions i n  Inches  

No=encla ture  and Surface  P re s su re  C ~ i f i c e  Loca t ion  
fo r  Sur face  P re s su re  Data of  Table I I  

T A B L E  I I  
SURFACE PRE SSURES 

O r i f i c e  
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Pw/P® 

A B 

2 . 0 9  5. 09 
2. 17 5 . 2 0  

2 . 0 7  4 . 8 7  
0 .91  0 . 8 9  
0 .96  0 . 8 9  
0 .93  0 . 9 0  
0 .92  0 . 8 8  
0 .93  0 .92  
I .  03 I .  22 
I .  07 1. 17 
I .  16 I .  21 
i .  06 I .  21 
I .  00 i .  14 
1 .00  i .  15 
0 .92  i .  12 
0 .91  1. 04 
0 .94  0 .92  
I. I0  1 .15  
1 .55  i .  65 
1 .28  1 .54  
1 .38  1 .44  
1 .15  1 .32  
1 .28  - - -  
I .  07 I .  55 
I .  89 2 .87  
2 . 7 0  5 .62  
I.  96 5. 17 
0 . 9 0  1. 18 
- - -  I. 14 
- - -  1 .11 

C 

4 . 7 8  
4 . 9 8  

0 .93  
1 .04  
0 . 9 7  
1 .01  
O. 98 
1 .38  
I.  24 
1 .24  
1 .25  
1.25 
1 .16  
I.  37 
1.21 
I.  04 
1 .22  
1 .58  

1 .38  

1 .67  
2 . 8 8  
3 .32  
3 .95  
1.41 
1 .24  
1.21 

T e s t  A B C 
C o n d i t i o n  

M m 

T w / T o  ® 

Re®, f t -  1 

Po®' p s i a  

To®, -°R 

p®, p s i a  

3 .99  

0 ,75  

2 . 4 x  I06 

37 .3  

673 

0. 249 

8 . 0 9  

O. 40 

3.3 x 106 

800 

1343 

O. 076 

8 . 0 9  

0 . 8 0  

3 . 3 x 1 0 6  

804 

1322 

0. 076 
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M® 
TO~ 
PO~ 
R e  

Flow B o w ~ D 2 - -  Boundary Layer 

- <l 

~ lhermocouple Meters Centered 
Heat Meter 0.20 below Edge 

C 
3 . 5 ~ 1 . 0  

~ 0 . 5 0  (Typ) 

J 
All Dimensions in Inches 

Nomenclature, Thermocouple, and Heat Meter Locations 
for Surface Temperature Data of Table I I I  

(Typ) 

TABLE III 
SURFACE TEMPERATURES 

Tw/To® 

T h e r m o c o u p l e  A B 
No. 

T 1 0 . 7 4  0 . 4 5  
T 2 0 . 7 5  - - -  
T 3 0 . 7 5  - - -  

1 ' 0 . 7 7  0 .45  
2 0 . 7 8  0 . 4 7  
3 0 . 7 8  0 . 4 6  
4 0 .77  0 . 4 5  
5 0 . 7 6  0 . 4 4  
6 10.76 0.45 
7 i 0 . 7 6  0 . 4 4  
8 0 . 7 6  0 .45  
9 0 . 7 6  0 . 4 6  

10 0 . 7 7  0 . 4 6  
11 0 . 7 6  0 . 4 6  
12 : 0 . 7 7  0 . 4 6  
13 0 . 7 7  0 . 4 7  
14 0 . 7 7  0 . 4 8  
15 0 .77  0 . 4 9  
16 i 0 . 7 6  0 . 4 9  
17 0 . 7 8  0 . 4 9  
18 - - -  O. 51 
19 O. 80 O. 52 

20 O. 79 O. 51 

21 - - -  O. 53 

22 - - -  0 . 4 9  

23 - - -  O. 56 

24 - - -  O. 57 

T e s t  A B 
C o n d i t i o n  

M~ 

Nominal Tw/To® 

Re®, ft- 1 

Po®, psia 

To®, °R 

3 . 9 9  

0 .75  

2 . 4 x 1 0  -6  

3 7 . 0  

678 

8 . 0 9  

0 . 4 5  

3 . 3 x 1 0 6  

800 

1367 
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Boy Shock 
Flow P" 

M 

Flow 

To 
Po 
Re" 

Survey 
Plane 

R a u r f a c  e - 2.750 

m o d e l  

A l l  D£1enmlone  I n  I n c h e s  

M o l e ~ c l a t u r e  f o r  F o r a b o d y B o ~ d a r y - L a y e r  Survey 
Data of  Table  IV 

TABLE IV 
FOREBODY BOUNDARY-LAYER SURVEY DATA 

Re® = 2.4 x 106 / f t  

M® = 3 .99  Po® = 37 .0  p s i a  

Tw/To® = 0 .75  
To® = 673OR 

R, in. 

2 . 7 8 0  

2 . 8 1 0  
2 . 8 5 0  
2 .900  
2 . 9 5 0  
3 .060  
3 .175  
3 .290  
3.49O 
3 .700  

C r o c c o  R e l a t i o n  

p o ' , p s i a  

1 .53 

2 .57  
3 .36  
3.,91 
4 .41  
4 . 8 0  
4 . 7 6  
4 .85  
4 . 7 7  
4 .82  

Pw' p s i a  

0 .230  

O. 230 

M 

2 .20  

2 .89  
3 .32  
3 .59  
3 .82  
3 .99  

3.99 

T O, °R 

637 

656 
664 
668 
671 
673 

673 

U ,  

f t / s e c  

1939 

2222 
2342 
2403 
2450 
2480 

2480 
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M," = 8 . 0 9  

T w / T o ,  " = 0 .40  

TABLE IV (Continued) 

Forebody Velocities 

Re® = 3.3 x 1 0 6 / f t  

Po® = 803 p s i a  

To ,  " = 1345OR 

Croceo R e l a t i o n  

PW' U, R, in.  Po ' ,  p s i a  p s i a  M T o '  °R f t / s e c  

0. 070 2 . 7 6 6  
2 . 7 7 7  
2 . 7 8 5  
2 . 7 9 3  
2 . 8 0 2  
2 . 8 1 0  
2 . 8 1 8  
2 . 8 6 0  
2 . 8 7 7  
2 . 9 1 0  
2 . 9 2 7  
2 . 9 4 5  
2 . 9 6 7  
2 . 9 9 3  
3 . 0 1 8  
3 . 0 4 3  
3 . 0 6 8  
3 . 0 9 3  
3 . 1 1 8  
3 . 1 4 3  
3 . 1 6 8  
3 . 1 9 3  
3 . 2 1 6  
3 . 2 4 1  
3 . 2 6 7  
3 . 3 1 7  
3 . 4 1 7  
3 . 5 1 7  
3 . 6 1 6  
3 . 7 6 8  

0. 103 
0. 169 
0. 266 
0. 349 
0. 440 
0. 506 
0. 576 
O. 98 
1 . 2 1  
1. 82 
2 . 2 3  
2 . 6 7  
3 . 4 0  
4 . 1 3  
4 . 6 3  
4 . 8 7  
5 . 0 1  
5 . 0 9  
5 . 1 4  
5 . 1 9  
5 . 2 3  
5 . 2 6  
5 . 2 8  
5 . 2 9  
5 . 3 1  
5 . 3 2  

0 . 8 6  
1 . 2 5  
1 . 6 1  
1 . 8 9  
2 . 1 4  
2 . 3 2  
2 . 4 9  
3 . 2 5  
3. 62 
4 . 4 4  
4. 94 
5 . 4 1  
6 . 1 1  
6 . 7 5  
7. 14 
7 . 3 2  
7 . 4 5  
7 . 4 8  
7 . 5 2  
7 . 5 7  
7 . 6 0  
7 . 6 2  
7 . 6 3  
7. 65 
7 . 6 5  
7 . 6 7  

751 
850 
932 
992 

1043 
1075 
1102 

1192 
1222 
1270  
1286 
1303 
1322 
1333 
1341 
1345 

5. 34 
5 . 3 8  
5 . 3 8  
5 . 3 9  0 . 0 7 0  

. 

7. 
7. 
7. 

68 
71 
71 
71 1345 

1010 
1487 
1872 
2166  
2405  
2460  
2684  

3118  
3253 
3495 
3567 
3648 
3738 
3786 
3827 
3850 
3852 
3852 
3850 
3847 
3856 
3860 
3860  
3850  
3850  
3855 
3855 
3865 
3865 
3865 
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M ®  = 8 . 0 9  

T w / T o m  = 0 . 8 0  

TABLE IV (Continued) 

Forebody Velocities 
Re® 

Po® 

To® 

= 3.3 x 1 0 6 / f t  

= 802 p s i a  

= 1326OR 

R, in .  

2 . 7 6 6  
2 . 7 7 5  
2 . 7 8 3  
2 . 7 9 1  
2 . 8 0 0  
2 . 8 0 7  
2 . 8 1 6  
2 . 8 2 5  
2 . 8 3 ~  
2 . 8 4 2  
2 . 8 4 9  
2 . 8 5 7  
2 . 8 6 7  
2 . 8 7 4  
2 . 8 8 3  
2 . 8 9 2  
2. 900  
2. 907 
2 . 9 1 8  
2 . 9 2 5  
2. 934 
2. 942 
2. 951 
2. 959 
2 . 9 6 7  
2 . 9 7 7  
2 . 9 8 5  
2 . 9 9 4  
3 . 0 0 1  
3 . 0 1 0  
3 . 0 1 8  
3. O43 
3 . 0 6 8  

Po', psia 

0 . 1 0 7  
0 . 1 5 9  
0 . 2 8 0  
0 . 4 2 2  
0 . 5 6 1  
0 . 6 9  
0 . 7 9  
0 . 9 0  
0 . 9 9  
1 . 0 8  
1 . 1 5  
1 . 2 4  
1 . 3 4  
1 . 4 2  
1 . 5 3  
1 . 6 4  
1 . 7 4  
1 . 8 7  
2 . 0 1  
2 . 1 5  
2 . 3 1  
2 . 4 7  
2 . 6 7  
2 . 8 1  
3 . 0 1  
3 . 2 1  
3 . 3 7  
3 . 5 7  
3 . 7 3  
3 . 8 9  
4 . 0 2  
4 . 3 8  
4 . 6 6  

Pw'  p s i a  

0. 076 

0 . 0 7 6  

. 

3. 
3. 
3 
3 
4 
4 
4 
4. 
4. 
4. 
4. 
5. 
5. 
5. 
5. 
5 
6 
6 
6. 
6. 
6. 
6. 

M T o, °R 

J 
0 . 7 6  1 1 4 9 .  
I 13 1 1 7 9 .  
1 59 1 2 0 2 .  
1 99 1 2 1 8 .  
2 33 I 2 3 4 .  
2 59 1 2 4 3 .  
2 78 12575 
2 . 9 7  1 2 6 9 .  
3. 12 1280 
3 . 2 6  1291 

38 1300 
51 1306 
65 1315 

. 7 6  1320 

. 9 1  1326 

. 0 5  1332 

. 1 7  1337 

. 3 3  1341 
50 1350 
64 1354 
82 1360 
99 1364 
19 1368 
32 1372 
51 1380 
70 1385 

. 8 4  1388 

. 0 1  1389 

. 1 4  1389 
28 1388 
38 1384 
67 1373 
87 1365 

* E x t r a p o l a t e d  to  w a l l  t e m p e r a t u r e  

U j  

f t / s e c  

1196 
1700 
2200  
2543  
2778  
2926  
3028 
3120 
3186 
3247 
3295 
3340 
3389 
3422 
3464 
3501 
3531 
3565 
3606 
3633 
3666 
3693 
3723 
3742 
3772 
3797 
3814  
3828 
3838 
3846 
3848 
3849 
3849 
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TABLE IV (Concluded) 

Forebody Velocities 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  Po® = 802 p s i a  

Re® = 3.3 x 1 0 6 / f t  T o ~  1326°R 

R, in .  p o ' , p s i a  Pw'  p s i a  M T O , °R u,  f t / s e c  

0. 076 3 . 0 9 4  
3 . 1 1 8  
3 . 1 4 3  
3 . 1 6 9  
3 . 1 9 5  
3 . 2 1 8  
3 . 2 4 5  
3 . 2 6 9  
3 . 3 1 9  
3 . 3 7 0  
3 . 4 2 2  
3 . 5 2 2  
3 . 7 7 2  

4 . 8 7  
4 . 9 9  
5 . 1 3  
5 . 2 4  
5 32 
5 39 
5 44 
5 46 
5 51 
5 54 
5 55 
5 57 
5 57 0 . 0 7 6  

7 . 0 3  
7 . 1 2  
7 . 2 2  
7 . 2 9  
7 . 3 5  
7 . 3 9  
7 . 4 3  
7 . 4 5  
7 . 4 8  
7 . 5 0  
7 . 5 1  
7 . 5 3  
7 . 5 3  

1356 
1345 
1340 
1336 
1333 
1331 
1 3 3 0  
1329 
1328 
1327 
1326 
1326 
1326 

3846 
3834  
3832 
3829 
3828  
3827 
3827 
3826 
3826 
3826 
3825 
3826 
3826 
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~low 

T o  

Po 
Be: 

Bow Shock 

f -  .o.nd~ry Lay~ 
I 

) 

C o o r d i n a t e  R 
- - - - ~ C o o r d l n a t e  

A 

Model 

i2 (1 
1.0  T 

A 

6 - - - I P  

All Dimensions in Inches 
Nomencla ture  f o r  C a v l t y  Flow F i e l d  Survey Data of  T a b l e  Y 

TABLE V 

CAVITY FLOW FIELD SURVEY DATA 

M® = 3 . 9 9  Po® = 37 p s i a  

T w / T o ®  = 0 . 7 5  To® = 675oR 

Re® = 2.4  x 106 / f t  ~ = 0 . 8  in.  

R, in .  p o t '  p s i a  p, p s i a  M T O , "R 

2 . 5 1 0  
2 . 6 0 8  
2 . 6 5 7  
2 . 7 0 7  
2 . 7 5 6  
2 . 8 0 5  
2 . 8 5 4  
2 . 9 0 4  
2 . 9 5 3  
3 . 0 0 2  
3 . 0 5 1  
3 . 1 0 1  
3 . 1 2 0  
3 . 1 5 0  
3. 150 
3. 150 
3. 199 
3 . 1 9 9  
3 . 2 4 8  
3 . 2 9 8  

0 . 2 6 4  0 . 2 4 8  
0 . 2 7 2  
0 . 2 7 7  
0 . 3 0 7  
0 . 4 3 2  
0 . 7 4  
1 . 5 3  i 
2 . 4 1  
4 . 1 9  
4 . 9 2  
4 . 6 7  
5 . 0 8  
5 . 1 5  
5.09 
5 . 1 5  
5 : 1 3  
5 . 0 3  
5 . 0 1  
5 . 0 2  
5 . 0 3  0 . 2 4 8  

Uj 

f t / s e c  

0 . 3 0  580 351 
0 . 3 7  580 431 
0 . 4 0  581 4 6 5  
0 . 5 6  584 643 
0 . 9 3  593 1025 
1 . 3 8  614 1426 
2 . 1 0  637 1893 
2 . 6 8  653 2150 
3 . 5 7  661 2388 
3 . 8 8  667 2452 
3 . 7 5  669 2435 
3 . i94 671 2469 
3 . 9 7  671 2476 
3 . 9 5  671 2466 
3 . 9 7  671 2476 
3 . 9 6  671 2472 
3 . 9 2  671 2466 
3 . 9 1  671 2460 
3 . 9 2  670 2464 
3 . 9 2  670 2464 
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TABLE V (Continued) 

M® = 3 . 9 9  

T w / T o ®  = 0 . 7 5  

= 2. 0 in. 

ts 
R, in. p, psia M To,°R ~t/sec 

1.091 0.230 0. 13 0 

1. 387 
1. 584 
1 . 7 8 1  
1. 978 
2. 175 
2. 372 
2. 569 
2. 667 
2 . 7 1 6  
2. 766 
2. 864 
2 . 9 1 3  
2. 963 
3 . 0 1 2  
3. 061 
3. I10  
3. 160 
3. 160 
3. 258 
3. 357 
3. 357 
3. 455 
3. 554 
3. 751 
3. 948 

I 
Po' psia 

0. 232 

0.231 

0. 237 

0. 242 
0. 250 

0. 256 

0. 250 
0. 292 

0 . 1 1  
0 . 2 1  
0 . 2 8  
O. 35 
O. 40 
0 . 4 3  
0 . 6 0  

0 
0 
0 69 
1 44 
2 04 
2 85 
3 37 
3 92 
4 40 
4 . 7 8  
4 . 7 8  
5 18 
5 42 
5 41 
5 5O 
5 O5 
5 O6 
5 O5 

366 
477 

0. 230 

0 . 8 5  
1 . 0 8  
I .  39 
2 . 1 2  
2 . 5 6  
3 . 0 5  
3 . 3 2  
3 . 5 9  
3 . 8 1  
3 . 9 8  
3 . 9 8  
4 . 1 4  
4 . 2 4  
4 . 2 4  
4 . 2 7  
4 . 0 9  
4.09 

4.09 

130 
248 

329 
410 

466 

500 

69O 

955 
1180 

1455 

1936 

2140 
2300 
2362 

2420 

2476 

2486 
2486 
2510 

2520 

2520 

2520 
2502 
2502 

2502 

584 

584 
584 
584 
584 
584 
585 
588 
601 
614 
631 
661 
67O 
677 
677 
678 
679 

679 
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T A B L E  V (Continued) 

M® = 3 . 9 9  

T w / T o ®  = 0.75 

.f = 3 . 0  

R, in. 

1 .795  
1 .992  
2 . 1 8 9  
2 . 2 8 8  
2 . 3 8 3  
2 . 4 8 5  
2 . 5 8 3  
2 . 6 8 2  
2 . 7 8 0  
2 . 8 7 9  
2 . 9 7 7  
3 . 0 7 6  
3 . 1 7 4  
3 . 2 7 3  
3 .371  
3 . 4 7 0  
3 . 5 6 8  
3 . 6 6 7  
3 . 7 6 5  
3 . 8 6 4  

Po " psia 

0 . 2 2 8  
0 . 2 3 6  
0 . 2 4 3  
0 . 2 4 9  
0 . 2 6 0  
0 . 2 8 9  
0 . 3 6 0  
0 . 5 4 4  
0 . 9 2  
1 . 6 6  
2 . 7 1  
3 . 8 1  
4 . 4 7  
4 . 7 9  
4 . 9 2  
5 . 0 2  
5 . 1 3  
5 . 2 9  
5 . 4 2  
5 . 0 1  

, 

4.  
4.  

4 .  

962 4 . 9 9  
061 5 . 0 1  
159 5 . 0 1  
258 5 . 0 3  

p, p s i a  

0 . 2 2 7  

M 

0 . 1 0  
0 . 2 4  
0 . 3 2  
0 . 3 7  
0 . 5 3  
0 . 6 0  
0 . 8 4  
1 . 2 0  

T o • 

118 
282 
375 
432 
610 
688 
942 

1287 
1 
2 
3 
3 
3. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 

0. 227 4. 

. 6 6  1654 

. 3 0  2022 

. 51  2394 

. 5 6  2409 
87 2466 
00 2485 
06 2492 
10 2498 
15 2505 
21 2513 
27 2520 
10 2498 
09 2496 
10 2498 
10 2498 
11 2499 

I 

OR u, 
f t / s e c  

582 
582 
582 
582 
583 
586 
598 
617 
641 
662 
671 
674 
675 
675 
674 

I ,  

674 
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TABLE V (Continued) 

M® = 3 . 9 9  

T w / T o ®  = 0 . 7 5  

I = 4 . 0 i n .  

1 968 
2 165 
2 263 
2 362 
2 460 
2 559 
2 657 
2.756 
2.854 
2.904 
2.953 
3.002 
3. 051 
3. 150 
3. 248 
3. 347 
3.445 
3.544 
3.544 
3.642 
3.741 
3.839 
3.938 
4.036 
4.135 
4.233 
4.283 
4.430 
4.480 

R, in. po',psia p, psia M T O , °R 

0.235 0 . 2 4 2  
0 . 2 5 5  
O. 265 
O. 285 
O. 328 
0 . 4 1 0  
0 . 5 9 2  
0 . 9 5  
1 . 5 8  
1 . 9 7  
2 . 5 8  
3 . 1 0  
3 . 6 6  
4 . 4 1  
4 . 7 3  
4 . 8 2  
4 . 8 7  
4 . 9 2  
4 . 9 3  
5 . 0 2  
5 . 1 1  
5.23 

5.36 

' 5 . 4 5  I 

5.02 
5.02 
5.02 
5.02 
5.00 0 . 2 3 5  

0.22 

0.34 
0.42 

0.54 
0.71 

0.93 

1 24 

1 65 
2 20 

2 48 

2 86 
3 15 

3 42 
3 77 

3 91 

3 95 
3 97 
3.99 

3.99 

4.03 

4.07 

4.12 
4.17 

4.20 

4.03 
4.03 

4.03 
4.03 
4.02 

259 
398 
489 
624 
808 

1035 
1328 
1651 
1981 
2132 
2243 
2325 
2389 
2456 
2479 
2485 
2488  
2491 
2491 
2497 
2503 
2510 
2517 
2520  
2497 
2497 
2497 
2497 
2496 

I ,$ 

Ct/ ~ec 

5 ~4 
5 ~4 
5 ~5 
5~9 
5 ~4 
6 )5 
624 
644 
664 
669 
6 '5 
6 '7 
6 '8  
6 '9  

679 
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TABLE V (Continued) 

M® : 8 . 0 9  

T w / T o ®  : 0 . 4  

Re® : 3.3 x 1 0 6 / f t  

Po® : 800 p s i a  

To® : 1345°R 

: 0 . 5 0  in.  

R, in .  

2 . 6 9 3  
2 . 6 9 3  
2 . 7 1 7  
2 . 7 4 3  
2 . 7 6 7  
2 . 7 9 2  
2 . 8 1 7  
2 . 8 4 2  
2 . 8 6 6  
2 . 8 9 2  
2 . 8 9 2  
2 . 9 1 6  
2 . 9 4 1  
2 . 9 6 6  
2 . 9 9 1  
3 . 0 1 6  
3. O4O 
3 . 0 6 5  
3 . 0 9 0  
3 . 1 1 5  
3 . 1 6 5  
3. 265 
3. 465 
3. 665 

Po" psia 

0 . 1 0 2  
0 . 1 0 0  
0 . 1 6 5  
0 . 3 1 4  
0 . 5 5  
0 . 8 0  
1 . 0 8  
1 . 4 2  
1 . 8 7  
2 . 4 5  
2 . 4 5  
3 . 2 5  
4 . 0 6  
4 . 7 2  
5 . 0 7  
5 . 1 8  
5 . 2 0  
5 . 2 3  
5 . 2 6  
5 . 2 9  
5 . 3 2  
5 . 3 3  
5 . 4 2  
5 . 4 5  

p, p s i a  

0 . 0 9 4  
0 . 0 9 3  
0 . 0 9 3  
0 . 0 9 3  
0 . 0 9 2  
0 . 0 9 2  
0 . 0 9 0  
0 . 0 9 0  
0 . 0 9 0  
0 . 0 8 8  
0 . 0 9 0  
0 . 0 9 1  
0 . 0 9 4  
0 . 0 9 7  

M 

0 . 5 1  
0 . 4 5  
0 . 9 8  
1 . 5 2  
2. 09 
2 . 5 4  
3. 00 
3 . 4 5  
3 . 9 8  
4 . 6 2  

To ,  °R 

1098 
1098 
1106 
1122 
1143 
1175 
1205 
1240 
1278 
1325 

I 
i u ,  
f t / s e c  

808 
716 

1463 
2064  
2530  
2820  
3050 
3238 
3415 
3591 

. 

O. 
O. 
O. 
O. 

4 . 5 5  
5 . 2 3  
5 . 7 6  
6 . 1 3  

1325 
1364 
1394 
1415 

3580 
3721 
3815 
3872 

0 . 1 0 2  6. 
0 . 1 0 0  6. 
0 . 0 9 6  6. 
0 . 0 9 0  6. 
0 . 0 8 7  6. 

084 6. 
082 7. 
081 7. 
081 7. 
080 7. 

18 
33 
48 
71 
84 
96 
09 
15 
20 
26 

1408 
1388 
1372 
1357 
1349 
1347 
1345 

1345 

3867 
3849 
3837 
3829 
3825 
3829 
3833 
3835 
3838 
3840 

38 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

~ =  1 .0  in.  

R, in. 

2 . 6 9 2  
2 . 7 4 2  
2 . 7 6 6  
2 . 7 9 2  
2 . 8 1 6  
2 .841  
2 . 8 6 6  
2 . 8 6 6 ( R )  
2 . 8 9 2  
2 . 8 9 2 ( R )  
2 . 9 1 6  
2 . 9 4 0  
2 . 9 6 5  
2 . 9 9 2  
3 .015  
3 . 0 4 0  
3 . 0 6 5  
3 . 0 9 0  
3 . 1 1 5  
3 . 1 6 5  
3 . 2 6 6  
3 . 4 6 4  
3 . 6 6 4  
5 . 8 6 3  

P o "  p s i a  

0 . 1 1 4  
0 . 1 9 8  
0 . 2 9 7  
0 . 4 3 0  
0 . 5 9 3  
0 . 7 9  
1 06 
1 06 
1 39 
1 39 
1 82 
2 34 
3 O6 
3 91 
4 73 
5 .41  
5 . 7 8  
5 .91  
5 . 8 3  
5 . 5 0  
5 . 3 7  
5 . 3 9  
5 . 4 3  
5 . 4 5  

p, p s i a  

0 . 0 8 9  
0 . 0 8 9  
0 . 0 9 0  
0 . 0 8 9  
0 . 0 8 8  
0 . 0 8 7  
0 . 0 8 7  
0 . 0 8 7  
0 . 0 8 7  
0 . 0 8 3  
0.084 

0 . 0 8 3  
0 . 0 8 5  
0 . 0 8 6  
0 . 0 9 0  
0 . 0 9 4  
0 .091  
0 . 0 9 9  
0.097 

0.090 

0.076 

0 . 0 7 8  
0 . 0 7 7  
0 . 0 7 8  

M 

0.64 

1 14 

1 48 

1 84 
2 21 

2 58 

3 01 

3 01 

3 48 

3 55 

4 06 

4 63 
5 27 

5 89 

6 37 

6 66 

6.99 

6. 80 
6 . 7 9  
6 . 8 5  
7.37 

7.28 

7.36 

7.36 

T O , °R 

1103 
1130 
1150 
1180 
1200 
1235 
1269 
1269 
1300 
1300 
1335 
1376 
1401 
1409 
1405 
1385 
1368 
1355 
1344 
1336 
1335 
1334 
1334 
1334 

U~ 

ft/sec 

1002 

1673 

2051 

2392 

2669 

2910 

3134 

3134 

3324 

3344 

3507 

3660 

3776 

3846 

3876 

3866 

3861 

3832 

3816 

3808 
3832 
3826 
3830 
3830 

39 
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TABLE  V (Continued) 

R, in .  Po~ p s i a  
I 

2 . 3 9 4  0 . 0 8 8  
2 . 5 9 3  0 . 0 9 7  
2 . 6 9 2  0 . 1 5 1  
2 . 7 4 1  0 . 2 7 2  
2 . 7 6 6  0 . 3 7 3  
2 . 7 9 1  0 . 5 0 2  
2 . 8 1 6  0 . 6 6 9  
2 . 8 4 1  0 . 8 8  
2. 866 1 . 1 6  
2 . 8 9 1  1 . 5 2  
2 . 9 4 1  2 . 4 7  
2 . 9 9 1  3 . 8 5  
3 . 0 1 5  4 . 5 3  
3 . 0 4 0  5 . 1 1  
3 . 0 9 1  5 . 9 3  
3 . 1 3 9  6 . 1 6  
3 . 1 6 5  6 . 0 4  
3 . 1 9 0  5 . 8 2  
3 . 2 1 5  5 . 6 3  
3 . 2 3 9  5 . 5 1  
3 . 2 6 5  5 . 4 5  
3 . 2 9 0  5 . 4 2  
3 . 3 4 0  5 . 3 8  
3 .4 4O  5 . 3 6  
3 . 5 3 8  5 . 3 9  
3 . 7 3 8  5 . 4 1  
3 . 9 3 8  5 . 4 4  

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

~ =  1 . 5  in .  

p, p s i a  

0.086 

O. 086 

M 

0 . 1 9  
0 . 4 2  
0 . 9 6  
1 . 4 3  
1 . 7 3  
2 . 0 5  
2 . 3 9  
2 . 7 4  
3 . 1 9  
3 . 6 5  
4 . 6 8  
5 . 8 7  
6 . 3 7  
6 . 7 7  
7 29 
7 43 
7 36 
7 23 
7 I I  
7 O3 
6 99 
6 97 
6 95 
6 . 9 3  
6 . 9 5  
6 . 9 6  
6 . 9 8  

T o, °R 

1070 
1088 
1119 
1140 
1169 
1191 
1216 
1231 
1273 
1302 
1380 
1427 
1429 
1427 
1394 
1376 
1370 
1366 
1363 
1361 
1358 
1357 
1357 
1356 
1355 
1354 
1353 

U ,  

f t / s e c  

304 
667 

1446 
1993 
2293  
2556  
2791 
2979  
3202 
3372 
3674 
3868 
3909 
3931 
3912 
3893 
3881 
3870 
3860  
3853 
3846 
3844  
3843 
3841 
3840 
3839 
3839 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ~  = 0 . 4 0  

= 2.  0 in. 

I U, 
R, in. po',psia p, psia M T O , °R ft/sec 

2 595 0.091 0.085 
2 645 
2 693 
2 720 
2 745 
2 770 
2 793 
2 819 
2 843 
2 893 
2 942 
2 993 
3 041 
3 093 
3 142 
3 166 
3 194 
3 219 
3 240 
3 . 2 6 6  
3 . 2 9 2  
3 . 3 1 6  
3 . 3 4 1  
3 . 3 6 5  
3 . 3 6 5  

0. 129 
0. 165 
0 . 2 1 4  
0. 285 
0. 375 
0. 479 
0 . 6 3  
0 . 8 1  
1 . 3 1  
2 . 0 8  
3 . 1 9  
4 . 4 7  
5 . 4 1  
5 . 9 7  
6 . 1 5  
6 . 2 8  
6 . 3 0  
6 . 2 7  
6 . 1 5  
5 . 8 9  
5.71 

5.55 
5.47 

5.47 0 . 0 8 5  

0 . 5 2  
0 . 8 1  
1 . 0 9  
1 . 2 9  
1 .51  
1 . 7 7  
2 . 0 3  
2 . 3 6  
2 . 6 4  
3 . 4 0  
4 . 3 2  
5 . 3 7  
6 . 3 7  
7.01 

7.36 

7.48 
7.56 

7.57 

7.55 

7.48 
7.32 

7.21 
7.10 
7. 05 

7. 05 

1085 
1100 
1120 
1135 
1151 
1169 
1186 
1210 
1228 
1280 
1339 
1390 
1403 
1387 
I362  
1352 
1347 
1344 
1342 
1340 
1338 
1336 
1335 
1334 
1334 

818 
1238 
1607 
1845 
2081 
2326 
2537 
2767 
2930 
3276 
3561 
3772 
3873 
3888 
3870 
3861 
3857 
3853 
3849 
3843 
3834 
3826 
3819 
3815 
3815 
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TABLE V (Continued) 

R, in .  

3. 390 
3 . 4 1 6  
3. 440 
3. 490 
3. 540 
3. 590 
3. 690 
3. 792 

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

£ = 2 . 0  in .  

P o "  p s i a  

5.43 
5.40 
5.39 
5.37 
5.38 
5.40 
5.40 
5.43 

p, p s i a  

O. 085 

O. 085 

M 

7 . 0 3  
7 . 0 1  
7 . 0 0  
6 . 9 9  
7 . 0 0  
7 . 0 2  
7 . 0 2  
7 . 0 3  

T o, °IR 

1334 

1, 

1334 

Uj 

f t / s e c  

3814 
3813 
3813 
3812 
3813 
3814 
3814 
3814 

42 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

~ = 3 . 0 i n .  

R, in. 

2 . 1 9 6  
2 . 2 9 5  
2 . 3 9 5  
2 . 4 9 5  
2 . 5 9 5  
2 . 6 4 2  
2 . 6 9 1  
2 . 7 4 3  
2 .791  
2 . 8 4 1  
2 . 8 9 0  
2 . 9 4 0  
2 . 9 9 1  
3. O4O 
3 . 0 9 0  
3 .141  
3 . 1 8 9  
3 . 2 4 0  
3 . 2 9 0  
3 . 3 1 5  
3 .339  
3 . 3 6 6  
3 .391  
3 .415  
3 . 4 3 9  
3 . 4 8 9  
3 . 5 9 8  
3 . 6 8 9  
3 . 7 8 8  
3 . 9 8 8  

Po', p, p s i a  p s i a  

0 . 0 7 6  
0 .081  
0 . 0 8 2  
0 . 0 9 0  
0 . 1 3 5  
0 . 1 8 5  
0 . 2 5 9  
0 . 3 7 9  
0 . 5 5 2  
0 . 8 3  
1 .22  
1 .81  
2 . 6 7  
3 . 6 3  
4 . 4 9  
5 . 1 4  
5 . 6 7  
6 . 1 6  
6 .41  
6 . 4 9  
6 . 5 6  
6 . 6 1  
6 . 6 0  
6 . 5 3  
6 . 3 5  
5 . 8 6  
5 . 4 4  
5 .4O 
5 . 4 4  
5 . 4 8  

M 

0 . 0 7 4  
0. 075 
0. 076 
0. 076 
0 . 0 7 5  
0. 073 
0. 073 
0. 073 
0. 072 
0. 072 
0 .072  
O. 073 
0 . 0 7 4  
0 . 0 7 8  
0 . 0 8 0  
0 . 0 9 0  
0 . 0 9 5  
0 . 1 0 2  
0 . 1 0 5  
0 . 1 0 6  
0 . 1 0 9  
0 .111  
0 . 1 1 2  
0 . 1 1 1  
0 .111  
0 . 1 0 5  
0 . 0 9 3  
u . 0 8 7  
0 . 0 8 5  
O. O87 

0 . 4 2  
0 , 4 6  
0 . 4 9  
0 . 5 9  
0 . 9 9  
1 26 
1 56 
1 93 
2 37 
2 92 
3 58 
4 . 3 5  
5 25 
6 00 
6 56 
6 62 
6 79 
6 84 
6 87 
6 86 
6 81 
6 79 
6 75 
6 72 
6 . 6 4  
6 . 5 6  
6 . 7 2  
6 . 9 0  
7 . 0 1  
6 . 9 7  

°R u, To,  f t / s e c  

1 0 4 1 j  655 
1048 718 
1060 765 
1075 917 
1096 1469 
1114 1796 
1135 2112 
1164 2443 
1193 2753 
1235 3O58 
1279 3324 
1330 3554 
1375 3739 
1400 3843 
1401 3883 
1382 3860 
1363 3843 
1349 3826 
1340 3815 
1340 3814 
1340 3811 
1340 3810 
1340 3808 
1340 3806 
1340 3803 
1339 3796 
1337 38O2 
1336 3811 
1336 3816 
1335 3813 

43 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

~ = 3 . 5  

R J  

2 . 4 9 4  0. 
2 . 5 9 3  0. 
2 . 6 4 3  0. 
2 . 6 9 2  0. 
2 . 7 4 2  0. 
2 . 7 9 2  0. 
2 . 8 4 1  0. 
2 . 8 9 1  1. 
2 . 8 9 1  1. 
2 . 9 4 1  1. 
2 . 9 9 1  2. 
3 . 041  3. 
3 . 1 9 0  5. 
3 . 2 4 0  5. 
3 . 2 8 9  6. 
3 . 2 8 9  6. 
3 . 3 3 9  6. 
3 . 3 6 3  6. 
3 . 3 8 9  6. 
3 . 4 1 3  6. 
3 . 4 4 0  6. 
3 . 4 6 3  6. 
3 . 4 8 9  6. 
3 . 5 1 3  6. 
3 . 5 6 3  6. 
3 . 6 1 4  5. 
3 . 6 6 3  5. 
3 . 7 1 3  5. 
3 . 8 1 3  5. 
3 . 9 1 3  5. 
4 . 1 1 4  5. 

in. Po ' ,  p s i a  

O99 
164 
22O 
3O6 
435 
62 
89 
22 
28 
81 
51 
25 
38 
9O 
23 
23 
42 
51 
57 
63 
67 
68 
64 
53 
06 
63 
46 
39 
43 
44 
5O 

p, p s i a  

. 

O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 

O69 
071 
070 
070 
070 
070 
O69 
070 
069 
O69 
070 
074 
093 
095 
102 
101 
105 
107 
109 
109 
110 
111 
110 
11t  
109 
101 

O9O 
O88 
O87 
O86 
O85 

M 

0 .81  
1 . 2 0  
1 .47  
1 .76  
2 . 1 4  
2 . 5 7  
3 . 1 0  
3 .71  
3 . 7 3  
4 . 4 7  
5 . 2 3  
5 . 8 1  
6 . 6 7  
6 . 9 1  
6 . 8 5  
6 . 9 0  
6 . 8 7  
6 . 8 4  
6 . 8 2  
6 . 8 4  
6 . 8 5  
6 . 8 2  
6 . 8 1  
6 . 7 3  
6 . 5 5  
6 . 5 7  
6 . 8 4  
6 . 8 9  
6 . 9 5  
7 . 0 0  
7 . 0 7  

T o, °R 

1079 
1104 
1119 
1140 
1165 
1195 
1229 
1270 
1270 
1316 
1360 
1393 
1375 
1358 
1346 
1346 
1340 
1339 
1338 
1338 
1337 
1337 
1337 
1336 
1336 
1335 
1334 
1333 
1332 
1331 
1330 

U~ 

f t / s e c  

1226 
1722 
2014 
2289 
2586 
2858 
3116 
3345 
3350 
3556 
3716 
3817 
3852 
3842 
3822 
3825 
3815 
3812 
3809 
3811 
3809 
3808 
3807 
3801 
3791 
3790 
3804 
3806 
3807 
3809 

I 3811 

44 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

I = 4 . 0 i n .  

R, in. 

2. 395 
2. 494 
2. 593 
2. 644 
2. 693 
2. 743 
2. 793 
2. 843 
2. 892 
2. 941 
2. 991 
3. 041 
3. 091 
3. 141 
3. 189 
3. 189 
3. 240 
3. 290 
3. 339 
3. 389 
3. 439 
3. 465 
3. 490 
3. 515 
3. 540 
3. 565 
3. 589 
3. 615 
3. 665 
3. 715 
3. 814 
3. 914 
4. 114 
4. 314 

Po" 

o 

0. 
0. 
0. 
0. 
0. 

0. 
0. 
1. 
1. 
2. 
2. 
3. 
4. 
5. 
5. 
5. 
5. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
5. 
5. 
5. 
5. 
5. 
5. 

p s i a  

086 
121 
193 
262 
358 
495 
69 
96 
31 
75 
31 
98 
74 
45 
05 
00 
54 
94 
24 
46 
58 
64 
68 
71 
73 
71 
59 
4O 
91 
59 
45 
48 
53 
56 

p, p s i a  

0. 070 
0. 071 
0. 070 
0. 069 
0. 069 
0. 068 
0. 067 
0. 067 
0. 067 
0. 068 
0. 068 
0. 069 
0. 073 
0. 078 
0. 085 
0. 087 
0. 091 
0. 096 

0. 106 
0. 108 
0. 109 
0. 110 
0. 108 
0. 111 
0. 111 
0. 111 
0. 109 
0. 102 
0. 094 
0. 087 
O. 086 
O. 082 
O. 084 

M 

0 . 6 4  
0 . 9 5  
1 35 
1 61 
1 93 
2 32 
2 78 
3 27 
3 86 
4 42 
5 12 
5 78 
6 29 
6 62 
6 76 
6 65 
6 . 8 4  
6 . 8 9  

6 . 8 6  
6 86 
6 85 
6 85 
6 92 
6 85 
6 83 
6 . 7 7  
6 72 
6 68 
6 76 
6 96 
7 O2 
7 19 
7 17 

T o, °R 

1054 
1073 
1089 
1123 
1145 
1172 
1202 
1234 
1273 
1315 
1355 
1386 
1395 
1380 
1373 
1373 
1355 
1343 
1339 
1338 

I 

1338 
1339 
1339 
1340 
1339 
1338 
1336 
1335 

I 

i 

1335 

U ~  

f t / s e c  

979 
1404 
1869 
2146 
2423 
2701 
2961 
3178 
3384 
3546 
3697 
3805 
3857 
3857 
3855 
3849 
3834 
3820 

3811 

l 
3811 
3814 

3812 
3811 
3809 
3805 
3802 
3803 
3812 
3815 
3824 
3823 

45 
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TABLE V (Continued) 
M® = 8.09 

Tw/To._ = 0.40 

= 4. 75 in.  

R, in. 

2 . 2 9 5  
2 . 3 9 4  
2 . 4 9 5  
2 . 5 4 5  
2 . 5 9 5  
2 . 6 4 3  
2 . 6 9 2  
2 . 7 4 4  
2 . 7 9 2  
2 . 8 4 2  
2 . 8 9 1  
2 . 9 4 3  
2 . 9 9 4  
3 .041  
3 . 0 9 4  
3 . 1 4 0  
3 . 1 9 0  
3 . 2 4 0  
3 . 2 4 0  
3 . 2 9 1  
3 . 3 4 0  
3 . 3 8 9  
3 . 4 3 9  
3 . 4 9 0  
3 . 5 1 6  
3 .541  
3 . 5 6 6  
3 . 5 9 5  
3 . 6 1 7  
3 . 6 3 9  
3 . 6 6 4  
3 . 6 8 8  
3. 714 
3. 764 
3. 815 
3 . 9 1 3  
4 . 0 1 4  

Po" psia 

0. 073 0. 
0. 091 0. 
0. 133 0. 
0. 172 0. 
0. 224 0. 
0. 299 0. 
0. 397 0. 
0. 535 0. 
0 . 7 0  0. 
0 . 9 2  0. 
1 .27  0. 
1 . 5 8  0. 
2 . 0 6  0. 
2 . 6 0  0. 
3 . 2 4  0. 
3 . 8 2  0. 
4 . 3 9  0. 
4 . 9 2  0. 
4 . 8 7  0. 
5 . 3 1  0. 
5 . 7 0  0. 
6 . 0 1  0. 
6 . 2 5  0. 
6 . 4 4  0. 
6 . 5 1  0. 
6 . 5 7  0. 
6 . 6 2  0. 
6 . 6 7  0. 
6 .71  0. 
6 . 7 3  0. 
6 . 7 3  0. 
6 . 6 7  0. 
6 . 5 5  0. 
6 . 1 2  

5 . 4 9  
5 . 5 0  

p, p s i a  M 

067 0 . 4 8  
067 0 . 7 4  
067 1 . 0 8  
065 1 . 3 0  
065 1 . 5 4  
063 1 .83  
064 2 . 1 2  
064 2 . 4 9  
063 2 . 8 7  
063 3 . 3 2  
062 3 . 8 6  
062 4 . 4 1  
062 5 . 0 6  
063 5 . 6 2  
068 6 . 0 7  
070 6 . 5 0  
075 6 . 7 4  
079 6 . 9 2  
082 6 . 7 9  
085 6 . 9 5  
090 6 . 9 8  
096 6 . 9 6  
100 6 . 9 5  
103 6 . 2 6  
104 6 . 9 4  
106 6 . 9 1  
107 6 . 9 1  
108 6 . 8 9  
108 6 . 9 2  
109 6.9O 
110 6 . 8 8  
110 6 . 8 4  
110 6 . 7 8  

0 . 1 0 7  6 . 6 5  

0. 087 6 . 9 6  
0. 086 7 . 0 4  

T o, °R 

1060 
1073 
1094 
1109 
1125 
1142 
1164 
1188 
1214 
1245 
1282 
1317 
1358 
1384 

1374 
1361 
1361 
1352 
1344 
1340 
1338 
1338 
1338 

1338 
1339 
1339 
1340 
1338 
1335 
1335 

U, 

f t / s e c  

750 
1130 
1579 
1838 
2089 
2350 
2577 
2815 
3017 
3213 
3402 
3553 
3701 
3796 

3863 
3854 
3847 
3843 
3833 
3826 
3823 
3823 
3820 
3810 
3810 
3808 
3813 
3810 
3806 
3800 
3803 
38OO 

3810 
3811 
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TABLE V (Continued) 

R e v e r s e -  F l o w  S u r v e y  

M® = 8 . 0 9  

T w / T o ~  = 0 . 4 0  

2 = 3.5in. 

R, in. 

1. 016 
1. 040 
1. 056 
1 070 
1 104 
1 137 
1 161 
1 234 
1 334 
1 382 
1 578 
1 775 
1 874 

I Po" psia 

O. 084 

0. 092 
0. 103 
0. 119 
0. 124 
0. 126 
0. 124 
0. 111 
0. 095 
0. 089 
0. 077 
0. 070 
0. 069 

p, p s i a  

0. 073 
0. 073 
0. 073 
0. 073 
0. 072 
0. 072 
0. 071 
0. 069 
0. 069 
0. 068 
0. 068 
0. 067 
O. 068 

M 

0 . 4 5  
0 . 5 7  
0 . 7 2  
0 . 8 7  
0 . 9 2  
0 . 9 3  
0 . 9 2  
0 . 8 5  
0 . 6 9  
0 . 6 2  
0 . 4 1  
0 . 2 6  
0 . 0 8  

T 0, °R 

708* 
776* 
856* 
935* 
965 
967 
979 
985 
985 
985 
983 
988 
996 

* E x t r a p o l a t e d  to wa l l  t e m p e r a t u r e  

U~ 
f t / s e c  

575 
740 
983 

1213 
1274 
1309 
1305 
1222 
1014 

919 
620 
398 
124 
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TABLE V (Continued) 
R e v e r s e -  F l o w  S u r v e y  

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

~ = 4 . 0 i n .  

R, in.  

1 . 0 1 6  
1 .023  
1 . 0 3 3  
1. 040 
1. 056 
1. 071 
1 . 0 8 8  
1 . 1 2 0  
1 . 1 4 4  
1 . 1 9 4  
1 . 2 4 4  
1 . 3 4 3  
1 . 5 3 7  
1 . 7 3 3  
1 .832  

PO' p s i a  

0. 091 
0. 092 
0. 099 
0. 106 
0. 122 
0. 142 
0. 148 
0. 149 
0. 143 
0. 129 
0. 114 
0. 096 
0. 082 
0. 072 
0. 070 

p, p s i a  

0. 070 
0. O73 
0. 073 
0. 073 
0. 071 
0. 073 
0. 072 
0. 071 
0. 070 
0. 070 
0. 068 
0. 068 
0. 068 
0. 068 
0. 068 

M 

0 . 6 2  
0 . 5 9  
0 . 6 8  
0 . 7 6  
0 . 9 1  
1 .03  
1 .07  
1 . 0 8  
1 .06  
0 . 9 8  
0 . 9 0  
0 . 7 2  
0 . 5 2  
0 . 2 9  
0 . 1 8  

T o, °R 

7 8 1 .  
766* 
8 1 1 .  
850* 
926* 
986* 

1 0 0 6 .  
997 

1009 
1009 
1002 

989 
985 
996 

1002 

U, 

f t / s e c  

817 
774 
9O9 

1027 
1258 
1440 
1500 
1505 
1491 
1389 
1295 
1056 

779 
445 
278 

E x t r a p o l a t e d  to w a l l  t e m p e r a t u r e  
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TABLE V (Continued) 

R e v e r s e - F l o w  Survey  

M® = 8 .09 

Tw/To®_ = 0 .40 

= 4.5 in. 

R, in. 

1.016 
1 .024 
1 .030 
1.040 
1.048 
1.056 
1.072 
1.089 
1.112 
1.138 
1.161 
1.210 
1.308 
1.406 
1.553 
1.652 
1.850 

Po', psia 

0. 105 

0. 104 

0. II0 

. 

0. 

0. 

116 

140 

153 

p, p s i a  M 

0.169 
0 .176 
0.173 
0 .164 
0 .156 
0 .136 
0.109 
0 .095 
0 .082 
0 .077 
0 .068  

0 .074  
0 .074 
0 .073  
0 .074 
0 .074  
0 .074 
0 .074 
0 .073 
0.072 
0 .071 
0 .071 
0 .069 
0.067 
0 .068 
0.069 
0 . 0 6 9  
0 . 0 6 8  

0.72 
0.71 
0 .79  
0 .83 
1 00 
1 07 

To , OR u, 
ft/sec 

1 16 
1 20 
1 20 
1 17 
1 13 
1 03 
0 .86 
0 .70  
0.51 
0 .39 
0 .08  

8 1 6 "  
818" 
848* 
868* 
949* 
980* 

1024" 
1040" 
1040 l 
1042 

1037 

1021 

1004 

996 

992 

995 

1018 

959 
950 

1063 
1122 
1376 
1482 
1615 
1671 
1671 
1640 
1592 
1465 
1246 
1033 

768 
594 
125 

*Extrapolated to wall temperature 
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TABLE V (Continued) 

R e v e r s e - F l o w  S u r v e y  

M® = 8 . 0 9  

T w / T o ®  = 0 . 4 0  

= 4 . 7 5  in. 

R, in.  

1 . 0 1 6  
1 .025  
1 .031  
1. 041 
1. 048 
1. 056 
1 .065  
1 .072  
1 .097  
1 .121  
1 . 1 7 0  
1 . 2 1 9  
1 .317  
1 .416  
1 .611  
] . 8 0 8  

P o "  p s i a  

0 . 1 1 9  
0 . 1 2 5  
0 . 1 4 7  
0 . 1 6 3  
0 . 1 7 2  
0 . 1 8 0  
0 . 1 8 5  
0 . 1 8 7  
0 . 1 8 3  
0 . 1 7 5  
0 . 1 5 8  
0 . 1 4 1  
0 . 1 1 6  
0 . 1 0 0  
0 . 0 8 2  
0 . 0 7 5  

p, p s i a  

0. 075 
0. 076 
0. 076 
0. 076 
0. 076 
0. 076 
0. 076 
0. 075 
0. 073 
0. 072 
0. 071 
0. 069 
0. 066 
0. O68 
0. 068 
0. 069 

M 

0 . 8 4  
0 . 8 7  
1 . 0 0  
1 .11  
1 . 1 4  
1 . 1 9  
1 .21  
1 .23  
1 . 2 4  
1 . 2 0  
1 . 1 4  
1 . 0 6  
0 . 9 3  
0 . 7 7  
0 . 5 1  
0 . 3 3  

~ E x t r a p o l a t e d  to  wa l l  t e m p e r a t u r e  

T O , °R 

8845 
8985 
9615 

10145 
10305 
I0565  
10565 
1056~ 
10565 
1056 
1057 
I048  
1037 
1028 
1023 
1033 

U, 

f t / s e c  

1146 
1190 
1385 
1550 
1597 
1672 
1693 
1716 
1729 
1683 
1616 
1522 
1353 
1143 

78O 
515 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  

f = 1 . 0 i n .  

R, in. 

2 . 0 0 8  
2 . 1 0 5  
2 . 2 2 2  
2 . 3 0 8  
2 . 4 0 8  
2 . 5 0 5  
2 . 6 1 0  
2 . 7 0 8  
2 . 7 3 3  
2 . 7 5 8  
2 . 7 8 3  
2 . 8 0 8  
2 . 8 3 5  
2 . 8 5 9  
2 . 8 8 5  
2 . 9 0 8  
2 . 9 3 3  
2 . 9 5 8  
2 . 9 8 0  
2 . 9 9 1  

3 . 0 3 5  

PO I , 

O° 

0. 
0 
0 
0 
0 
0 
0 
0. 
0 
0 
0 
1 
1 
1 
2 
2 
3 
3 
4. 

4. 

psia 

086 
085 
084 
080 
081 
080 
081 
110 
171 
306 
52 
76 

05 
37 
66 
O4 
44 
00 
52 
12 
61 

p, psia 

0 . 0 7 9  
0 . 0 7 8  
0 . 0 7 8  
0 . 0 7 8  
0 . 0 7 9  
0 . 0 8 1  
0 . 0 8 3  
0 . 0 8 5  
0 . 0 8 5  
0 . 0 8 6  
0 . 0 8 6  
0 . 0 8 3  
0 . 0 8 5  
0 . 0 8 5  
0 . 0 8 6  
0.087 
0 . 0 8 9  
0 091 
0 093 
0 094 
0 097 

060 
088 
115 
138 
165 
189 
215 
243 
268 
293 
318 
345 

4.95 
5.12 
5.20 
5.25 
5.31 
5.36 
5.41 
5.46 
5.51 
5.53 
5.55 
5.56 

0 
0 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 

100 
101 
102 
097 
098 
096 
091 
092 
092 
088 
091 
092 

M T o,  °R 

0. 470 - - -  
0 . 4 4  - - -  
O. 4O 1142 
0 . 3 4 0  1147 
0 . 3 2  1154 
0 . 3 2  1162 
0 . 3 4  1170 
0 . 7 1  1200 
1 . 0 7  I223  
1 . 5 5  1255 
2 . 0 7  1280 
2 . 5 9  1300 
3. O4 1316 
3 . 4 8  1329 
3 . 8 2  1344 
4 . 2 2  1358 
4 . 5 8  1375 
5 . 0 2  1386 

5 . 3 8  1393 
5 . 8 1  1395 
6 . 0 4  1385 
6 . 1 8  1374 
6 . 2 6  1362 
6 . 2 6  1352 
6 . 4 6  1345 
6 . 4 7  1339 
6 . 5 6  1335 
6 . 7 6  1334 
6 . 7 5  1333 
6 . 7 9  1331 
6 . 9 4  1330 
6 . 8 7  1330 
6 . 8 3  1330 

U, 

f t / s e c  

653 
559 
528 
53O 
564 

1151 
1656 
2218 
2666 
2997 
3208 
3367 
3474 
3575 
3659 
3734 
3784 
3827 
3831 
3828 
3817 
3803 
3805 
3797 
3797 
3807 
3805 
3805 
3811 
3807 
38O5 
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TABLE V (Continued) 

R, in. 

3. 370 
3. 395 
3 . 4 1 8  
3. 442 
3. 475 
3. 569 
3. 670 
3. 772 
3. 870 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  

= 1 . 0  in.  

Po', psia 

5 . 5 7  
5 . 5 8  
5 . 5 9  
5 . 6 0  
5 . 6 1  
5 . 6 0  
5 . 6 1  
5 . 6 1  
5 . 6 0  

p, p s i a  

0 . 0 9 1  
0 . 0 9 1  
0 . 0 9 0  
0 . 0 9 1  
0 . 0 8 7  
0 . 0 9 0  
0 . 0 9 0  
0 . 0 8 9  
0 . 0 8 8  

M 

6 . 8 8  
6 . 8 7  
6 . 9 3  
6 . 8 9  
7 . 0 3  
6 . 9 3  
6 . 9 5  
6 . 9 6  
6 . 9 9  

T o, °R 

1330 

i 

r 

1330 
1329 

I '  

1329 

.U, 

~/sec 

3808 
3807 
3811 
3809 
3816 
3809 
3810 
3811 
3812 
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AEDC-TR-66-73 

TABLE V (Continued) 

MaD= 8 . 0 9  

T w / T o ®  = 0. 80 

Re® = 3 . 3  x 106/f t  

Po® = 800 p s i a  

To® = 1345°R 

= 0. I0 in.  

R, in. 

2. 767 
2. 771 
2. 785 
2. 793 
2. 801 
2. 810 
2. 817 
2. 826 
2. 834 
2. 842 
2. 867 
2. 893 
2 . 9 1 7  
2. 944 
2. 967 
2. 994 
3. 020 
3. 045 
3. 070 
3. 119 
3. 169 
3. 219 
3 . 2 6 9  

P o "  p s i a  
= o .  l O )  

0. 105 
0. 135 
0. 197 
0. 279 
0. 402 
0. 529 
0 . 6 5  
0 . 8 0  
0 . 8 9  
1 . 0 0  
1 .30  
1 .62  
1 .99  
2 . 4 2  
2 . 8 9  
3 . 4 I  
3 .87  
4 . 2 6  
4 . 5 2  
4 . 9 5  
5 . 1 9  
5 . 3 7  
5 . 4 6  

p, p s i a  
(~ = 0.I0) 

0. 090 
0. 090 
0. 089 
0. 090 
0. 090 
0. 089 
0. 087 
0. 089 
0. 088 
0. 088 
0. 086 
0. 089 
0. 091 
0. 091 
0. 092 
0. O89 
0. 089 
0. 088 
0. 087 
0. 086 
0. O89 
0. 089 
0. 090 

M 

0 . 5 4  
0 . 8 1  
1 . 1 4  
1 .41  
1 . 7 6  
2 . 0 6  
2 . 3 3  
2 . 5 7  
2 . 7 3  
2 . 9 1  
3 . 3 6  
3 .71  
4 . 0 8  
4 . 5 0  
4 . 9 0  
5 . 4 2  
5 . 7 7  
6 . 1 0  
6 . 3 3  
6 . 6 4  
6 .71  
6 . 8 3  
6 . 8 5  

T o, °R 
= 0.20) 

1215 
1230 
1250 
1265 
1278 
1285 
1295 
1305 
1312 
1322 
1333 
1345 
1360 
1375 
1386 
I392 
1389 
1384 
1379 
1364 
1350 
1343 
1339 

Uj 

f d s e c  

897 
1309 
1760 
2079 
2423 
2662 
2845 
2987 
3071 
3159 
3331 
3442 
3544 
3639 
3712 
3779 
3809 
3829 
3836 
3837 
3820 
38171 

38121 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o =  = 0. 80 

= 0. 10 in. 

R, in. 

3. 320 
3. 372 
3 .42O 
3. 420 
3 .47O 
3. 521 
3 .57O 
3 .57O 
3. 621 
3. 672 
3. 772 
3. 874 
3. 994 
4. 099 
4. 196 
4. 299 
4. 399 
4. 501 
4. 600 
4. 785 

po I , 
(.~ =2 

. 

5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 

psia 
.0 in~ 

51 

55 
57 
57 
58 
58 
58 
57 
58 
59 
58 
58 
60 
62 
64 
66 
68 
69 
71 
77 

P, M psia 

0. 089 
0. 090 
0. 090 
0 . 0 9 1  
0. 090 
0. 088 
0. 090 
0. 090 
0. 090 
0. 090 
0. 090 
0. 087 
0. 089 
0. 088 
0. 089 
0. 088 
0. 089 
0. 088 
0. 089 
0. 089 

6 . 8 9  
6 . 8 8  
6 . 8 9  
6 . 8 8  
6 . 9 0  
6 . 9 9  
6 . 9 1  
6 . 9 2  
6 . 9 2  
6 . 9 4  
6 . 9 3  
7 . 0 3  
6 . 9 6  
7 . 0 3  
6 . 9 8  
7 . 0 3  
7 . 0 2  
7 . 0 7  
7 . 0 3  
7 . 0 6  

To, °R 
(~ =0.20 in. 

1337 

1 
1337 

1336 

1336 

U j  

) f t / s e c  

3811 
I 

i, 

3811 

3815 
3811 
3812 
3812 
3813 
3812 
3817 
3814 
3817 
3815 
3817 
3817 
3819 
3817 
3819 

54 



AEDC-TR-66-73 

TABLE V (Continued) 

M® = 8.09 

Tw/To® = 0. 80 

2 = 2.0in. 

R, in. 

2 007 
2 110 
2 207 
2 307 
2 410 
2 458 
2 509 
2. 559 
2. 610 
2. 636 
2. 657 
2. 683 
2. 710 
2. 736 
2. 761 
2. 787 
2. 810 
2. 833 
2. 859 
2. 884 
2. 910 
2. 934 
2. 959 
2. 985 
3. 010 
3 037 
3 060 
3 086 
3 112 
3 136 
3 162 
3 187 
3 214 

Po ' ,  p s i a  
( ~ = 2 . 0  in.)  

084 
085 
083 
085 
094 
I08 
123 
153 
199 
282 
375 
526 
68 
88 

p, p s i a  

(2 = 2.0 in.) 

1 . 1 0  
1 . 3 6  
1 . 6 6  
1 . 9 9  
2 . 3 8  
2 . 8 0  
3 . 2 6  
3 . 7 7  
4 . 1 9  
4 . 6 3  
5 . 0 5  
5 . 6 3  
5 . 6 4  
5 . 8 6  
6 . 0 1  

O. 088 
O. 084 
O. 085 
O. 086 
0 
0 
0 
0 
0 
0 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 

O. 080 
O. 074 
O. 074 
O. 076 
O. 075 
O. 076 
O. 075 
O. 077 
O. 079 
O. 081 
O. 082 
O. 081 
O. O83 
O. 083 
O. O83 
O. 083 
O. 083 
O. 083 
O. 083 

O. 084 
O. 084 
O. 084 
O. 086 
O. 088 
O. 088 
O. 090 
O. 092 
O. 094 
O. 095 
O. 101 
O. 103 
O. 105 
O. 106 

M 

0 . 3 6  
O. 44 
0 . 4 5  
0 . 4 3  
O. 42 
0 . 4 2  
O. 44 
0 . 4 7  
0 . 5 9  
0 . 6 9  
O. 82 
1 .01  
1 .22  
1 .49  
1 .77  
2 . 1 3  
2 . 4 5  
2 . 7 9  
3 . 1 6  
3 . 5 0  
3 . 8 7  
4 . 2 5  
4 . 5 8  
4 . 9 4  
5 . 3 3  
5 . 6 6  
5 .91  
6 . 1 4  
6 . 4 0  
6 . 3 7  
6 .51  
6 . 5 6  
6. 60 

To, °R 

(~ = 2. 125 in.} 

1130 
1134 
1139 
1148 
1157 
1161 
1166 
1173 
1184 
1189 
1196 
1212 
1223 
1240 
1253 
1272 
1283 
1293 
1307 
1324 
1336 
1349 
1366 
1379 
1387 
1394 
1396 
1394 
1389 
1384 
1375 
1364 
1357 

U~ 

f t / s e c  

586 
713 
730 
701 
688 
689 
722 
772 
962 

1114 
1305 
1571 
1836 
2140 
2408 
2696 
2899 
3075 
3234 
3361 
3468 
3562 
3640 
3707 
3764 
3805 
3829 
3845 
3856 
3847 
3843 
3831 
3824 
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TABLE V (Co.tinued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  

~ = 2 . 0 i n .  

R, in. 

3 . 2 3 6  
3 . 2 6 4  
3 . 2 8 7  
3 . 3 1 3  
3 . 3 3 9  
3 . 3 6 3  
3 . 3 8 7  
3 . 4 1 1  
3 . 4 3 7  
3 . 4 8 3  
3 . 5 8 0  
3 . 6 8 1  
3 . 7 6 4  
3 . 8 6 6  
3 . 9 6 7  
4 . 1 6 8  

Po', ps ia 
~= 2.0 in.} 

, 

6. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 

P, 

O6 
O4 
96 
85 
76 
7O 
67 
65 
64 
63 
62 
63 
63 
63 
64 
67 

p s i a  

0 . 1 0 8  
0 . 1 0 8  
0 . 1 0 7  
0 . 1 0 4  
0 . 1 0 2  
0 . 0 9 6  
0. 096 
0. 095 
0. 093 
0. 091 
0 . 0 9 2  
0 . 0 9 0  
0 . 0 8 9  
0 . 0 9 0  
0 . 0 9 0  
0 . 0 8 9  

M 

6 . 5 7  
6 . 5 6  
6 . 5 4  
6 . 5 8  
6 . 5 9  
6 . 7 7  
6 . 7 3  
6 . 7 8  
6 . 8 2  
6 . 9 0  
6 . 8 8  
6 . 9 3  
6 . 9 7  
6 . 9 5  
6 . 9 7  
6 . 9 9  

To,  °R 
(~ = 2. 125 in.} 

1352 
1345 
1342 
1338 
1336 
1335 
1334 

1334 

U l  

f t / s e c  

3815 
3804 
3799 
3795 
3792 
3802 
3799 
3801 
3803 
3808 
3807 
3809 
3811 
3810 
3811 
3812 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ~  = 0. 80 

£ = 3 . 0  in. 

U ,  ! 
R, in. Po' psia p, psia M T o , °R 

ft/sec 

2. 158 
2 206 
2 260 
2 308 
2 360 
2 410 
2 460 
2 510 
2 535 
2 560 
2 582 
2 608 
2 632 
2 660 
2 682 
2 708 
2 732 
2 759 
2 783 
2 810 
2 835 
2 860 
2 885 
2 908 
2 935 
2. 958 
2. 985 
3. 012 

0. 071 
0. 076 
0. 078 
0. 078 
0. 081 
0. 081 
0. 082 
0. 085 
0. 091 
0. 099 
0. 108 
0. 121 
0. 145 
0. 179 
0 . 2 1 6  
0 . 2 7 2  
0. 337 
0 . 4 2 1  
0 . 5 3  
0 . 6 5  
0.79 

0 . 9 8  
1 . 1 6  
1 . 3 9  
1 . 6 5  
1 . 9 3  
2 . 2 5  
2 . 6 4  

0. 071 
0. 072 
0. 073 
0. 072 
0. O73 
0 O74 
0 073 
0 074 
0 075 
0 075 
0 074 
0 074 
0 072 
0. 072 
0. 071 
0. 068 
0. 070 
0. 069 
0. 070 
0. 070 
0. 071 
0. 071 
0. 072 
0. 073 
0. 074 
0. 073 
0. 075 
0. 075 

0 . 4 3  
0 . 4 8  
0 . 4 9  
0 . 5 2  
0 . 5 2  
0 . 5 2  
0 . 5 6  
0 . 5 9  
0 . 6 5  
0 . 7 3  
0 . 8 1  
0 . 9 2  
1 . 0 9  
1 . 2 4  
1 . 4 2  
1 . 6 5  
1 . 8 3  
2 . 0 8  
2 . 3 3  
2 . 6 2  
2 . 8 8  
3 . 2 3  

3 . 4 9  
3 . 8 I  
4 . 1 3  
4 . 4 8  
4 . 7 9  
5 . 2 1  

1144 
1144 
1147 
1151 
1155 
1161 
1166 
1171 
1175 
1179 
1185 
1193 
1199 
1210 
1219 
1225 
1238 
1250 
1263 
1276 
1287 
1299 
1311 
1324 
1339 
1350 
1365 
1376 

701 
779 
796 
844 
845 
847 
911 
959 

1051 
1170 
1287 
1443 
1666 
1852 
2055 
2282 
2447 
2644 
2815 
2983 
3111 
3254 
3347 
3445 
3533 
3609 
3675 
3742 
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TABLE V (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  

~ = 3 . 0 i n .  

. 

3. 
3. 
3. 
3. 
3. 
3. 
3. 

R, in. 

3. 035 
3. 061 
3. 084 
3. 112 
3. 135 
3. 162 
3. 182 
3. 212 
3 . 2 3 3  
3. 262 
3. 288 
3 . 3 1 0  
3. 338 
3. 360 
3. 386 
3. 410 
3. 438 
3. 460 
3. 488 
3 . 5 1 2  

537 
562 
585 
613 
662 
716 
817 
917 

Po ', 

. 

3. 
3. 
4. 
4. 
4. 
5. 
5. 
5. 
5. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 
5. 

p s i a  

00 
41 
78 
18 
53 
90 
19 
48 
71 
92 
07 
20 
29 
34 
34 
29 
20 
09 
94 
85 
78 
73 
7O 
68 
67 
66 
66 
66 

p, p s i a  

0. 077 
0. 080 
0. 082 
0. 084 
0. 088 
0. 090 
0. 097 
0. 097 
0. 103 
0. 103 
0. 105 
0. 106 
0. 107 
0. 106 
0. 108 
0. 108 
0. 107 
0. 104 
0. 104 
0. 101 
0. 099 
0. 097 
0. 093 
0. 093 
0. 093 
0. 091 
0. 088 
0. 090 

M 

5 . 4 5  
5 . 7 3  
5 . 9 6  
6 . 2 0  
6 . 3 1  
6 . 4 8  
6 .41  
6 . 5 8  
6 . 5 4  
6 . 6 6  
6 . 6 7  
6 . 7 0  
6 . 7 3  
6 . 7 9  
6 . 7 4  
6 . 7 0  
6 . 6 8  
6 . 7 0  
6 . 6 4  
6 . 6 8  
6 . 7 1  
6 . 7 6  
6 . 8 8  
6 . 8 5  
6.86 
6.92 
7 . 0 6  
6 . 9 8  

T o , °R 

1385 
1392 
1396 
1393 
1389 
1385 
1379 
1367 
1362 
1351 
1347 
1342 
1339 
1337 
1336 
1335 
1334 
1333 
1333 
1333 
1333 
1333 
1333 
1333 
1333 
1333 
1333 
1333 

U ~  

f t / s e c  

3780 
3817 
3841 
3855 
3857 
3862 
3850 
3843 
3835 
3826 
3820 
3815 
3813 
3813 
3809 
3805 
3803 
3802 
3800 
3802 
3803 
3806 
3838 
3811 
3811 
3814 
3821 
3817 
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TABLE Y (Continued) 

M® = 8 . 0 9  

T w / T o ®  = 0. 80 

£ = 4 . 0 i n .  

R, in. Po', psia p, psia M T o , °R u, 
ft/sec 

0. 067 1150 670 2. 308 
2. 360 
2. 416 
2 459 
2 513 
2 557 
2 582 
2 609 
2 636 
2 659 
2 682 
2 710 
2 736 
2 761 
2 786 
2 810 
2 836 
2 859 
2 885 
2 910 
2 935 
2 960 
2 985 
3 009 
3 035 
3 059 
3 086 
3 110 

. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1 
1 
1 
1 
1 
2 
2 
2 
3. 
3. 

070 
O78 
086 
104 
127 
147 
173 
205 
241 
287 
348 
415 
49O 
57 
68 
81 
93 
O9 
26 
44 
68 
9O 
16 
43 
72 
O5 
38 

0 O64 
0 065 
0 065 
0 066 
0 O66 
0 065 
O. 065 
O. 064 
O. 065 
O. 064 
O. 063 
O. 063 
O. 063 
O. O62 
O. 063 
O. 063 
O. 063 
O. O6O 
O. 063 
O. 061 
O. 063 
O. 064 
O. 064 
O. 064 
O. 066 
O. 067 
O. 069 
O. 072 

0 . 4 1  
0 . 4 8  
0 . 5 9  
0 . 6 8  
0 . 8 7  
1 . 0 5  
1 . 1 7  
1 . 3 2  
1 . 4 5  
1 . 6 1  
1 . 7 8  
1 . 9 8  
2 . 1 8  
2 . 3 9  
2 . 6 1  
2 . 8 6  
3 . 1 1  
3 . 4 1  
3 . 6 1  
3 . 9 6  
4 . 1 6  
4 . 4 8  
4 . 7 8  
5 . 0 7  
5 . 2 9  
5 . 5 9  
5 . 8 3  
6 . 0 2  

1155 
1160 
1165 
1173 
1186 
1191 
1198 
1204 
1216 
1221 
1230 
1240 
1250 
1263 
1268 
1278 
1290 
1301 
1312 
I323  
1335 
1348 
1360 
1373 
1380 
1389 
1390 

781 

952 

1088 

1361 

1604 
1753 

1928 
2069 

2233 

2385 
2547 
2693 

2829 
2957 
3074 
3180 
3291 
3360 
3456 
3511 
3582 
3644 
3697 
3739 
3779 
3812 
3829 

59 



AEDC-TR-66-73 

TABLE V (Continued) 

M® = 8.09 

Tw/To® = 0.80 

~ = 4.0in. 

R, in. 

3. 134 
3. 160 
3. 186 
3 . 2 1 2  
3 . 2 3 7  
3. 262 
3. 288 
3. 313 
3. 337 
3. 362 
3. 388 
3 . 4 1 4  
3. 438 
3. 462 
3. 489 
3 . 5 1 3  
3. 539 
3. 562 
3. 588 
3. 614 
3. 638 
3. 665 
3. 688 
3. 715 
3. 740 
3. 789 
3. 840 
3. 890 
3. 991 
4. O93 

Po" p s i a  

3 . 7 1  
4 . 0 9  
4 . 4 3  
4 . 7 6  
5 . 0 8  
5 . 3 0  
5 . 5 4  
5 . 7 6  
5 . 9 3  
6 . 0 7  
6 . 1 8  
6 . 2 7  
6 . 3 4  
6 . 4 0  
6 . 4 5  
6 . 4 7  
6 . 4 7  
6 . 4 2  
6 . 3 3  
6 . 1 7  
6 . 0 6  
5 . 9 3  
5 . 8 4  
5 . 7 7  
5 . 7 3  
5 . 6 9  
5 . 6 7  
5 . 6 7  
5 . 6 9  
5 . 7 0  

p, p s i a  

0 . 0 7 5  
0 . 0 7 4  
0 . 0 7 9  
0 . 0 8 2  
0 . 0 8 5  
0 . 0 9 4  
0 . 0 9 7  
0 . 0 9 9  
0 . 0 9 9  
0 . 1 0 3  
0 . 1 0 4  
0 . 1 0 5  
0 . 1 0 4  
0 . 1 0 7  
0 . 1 0 8  

M 

6.19 
6.50 
6.56 
6.68 
6.77 
6.58 
6.65 
6, 69 
6.78 
6.74 
6.76 
6.78 
6.86 
6.80 
6.78 

T o, °R 

1390 
1388 
1382 
1375 
1369 
1363 
1354 
1350 
1345 
1340 
1339 
1337 
1336 
1336 
1335 

0 . 1 0 7  6 
0 . 1 0 9  6 
0 . 1 0 8  6 
0 . 1 0 9  6 
0 . 1 0 7  6. 
0 . 1 0 4  6. 
0 . 0 9 9  6. 
O. O98 6. 
0 . 0 9 4  6. 
0 . 0 9 5  6. 
0 . 0 9 4  6. 
0 . 0 9 2  6. 
0 . 0 9 1  6. 
O. O9O 6. 
o.  0 8 8  I 6. 

.82  

. 7 6  

. 7 8  

. 7 0  
68 
69 
79 
79 
88 
88 
89 
92 
93, 
94 
98 1335 

U~ 

f t / s e c  

3841 
3860 
3B56 
3853 
3850 
3830 
3822 
3819 
3815 
3807 
3807 
3805 
3807 
3805 
3802 
3804 
3801 
38O2 
3798 
3797 
3798 
3802 
3802 
3807 
3807 
3808 
3809 
3810 
3811 
3812 
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TABLE V (Continued) 

M® = 8. 09 

Tw/To® = 0. 80 

= 4.75 in. 

R, in. 

2 . 3 0 5  
2 . 3 5 8  
2 . 4 0 9  
2 . 4 6 0  
2 509 
2 556 
2 580 
2 609 
2 630 
2 655 
2 . 6 8 5  
2 . 7 0 8  
2 . 7 3 4  
2 . 7 6 0  
2 . 7 8 5  
2 . 8 1 0  
2 . 8 3 5  
2 . 8 6 1  
2 . 8 8 5  
2 . 9 1 0  
2 . 9 3 5  
2 . 9 6 2  
2 . 9 8 5  
3 . 0 1 0  
3 . 0 3 7  
3 . 0 6 2  
3 . 0 8 5  
3 .112  

Po" psia 

0 . 0 6 4  
0 073 
0 . 0 8 3  

p, psia 

0.063 

0.064 

0.064 

M 

0 . 3 8  
0 . 5 6  
0 . 7 0  

T o, °R 

1165 
1172 
1178 

0 .097  
0 . 1 2 3  
0 . 1 5 9  
0 . 1 8 4  
0 . 2 1 3  
0 . 2 5 0  
0 . 2 9 6  
0 . 3 4 9  
0 . 4 0 0  
0 . 4 6 7  
0 . 5 4 5  
0 . 6 3  
0 . 7 3  
0 83 
0 96 
1 O9 
1 24 
1 41 
1 60 
1 82 
2 O4 
2 28 
2 . 5 6  

! 2 . 8 0  

I 3 . 1 2  

0.065 

0.065 

0.065 

0.063 
0.062 

0.063 

0.065 

0.064 

O. O63 

0.062 

0.063 

0.062 
0.062 
0.061 
0.062 
0.061 
0.061 
0.061 
0.060 

O. O62 

0.062 

O. O63 

O. O63 

0.062 
0.065 

0 
1 

1 

1 

1 

1 

1 

1 

2 

2 
2 

2. 
2. 

4. 
4. 

84 1185 

03 1194 
23 1203 

38 1209 

53 1217 

64 1224 

78 1230 

96 1239 

14 1246 

32 1253 

51 1263 

73 1272 
95 1279 

3.19 1289 

3.42 1299 

3.67 1309 
3.91 1319 

18 1329 

51 1341 

4.75 1351 

5.03 1359 

5.28 1369 

5 . 5 9  1374 
5 . 9 0  1380 
6 . 0 6  1381 

U~ 

ft/sec 

627 

911 
1124 
1327 

1584 

1832 
2001 

2159 

2267 

2394 

2543 
2675 

2793 

2908 

3024 
3123 

3222 

3306 

3386 
3455 
3523 

3595 

3644 
3692 

3734 

3771 

3807 

3820 
i 
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,TABLE V (Concluded) 

M® = 8 . 0 9  

T w / T o ®  = 0 . 8 0  

£ = 4 . 7 5  in. 

R, 

. 

3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 

in. 

137 
162 
183 
212 
240 
262 
288 
315 
337 
362 
388 
414 
438 
462 
488 
515 
54O 
562 
59O 
615 
640 
663 
69O 
715 
740 
768 
795 
819 
843 
868 
892 

Po" 

. 

3. 
3. 
4. 
4. 
4. 

psia' 

36 
64 
92 
20 
52 
76 

p, p s i a  

° 

O. 
O. 
O. 
O. 
O. 

067 
069 
071 
074 
077 
080 

M 

6 .21  
6 . 3 9  
6 .51  
6 .61  
6 . 7 3  
6 . 7 7  

5.00 
5.24 
5.43 
5.63 
5.80 
5.96 
6.08 
6.19 
6.28 
6.34 
6.40 
6.43 
6.45 
6.47 
6. 48 
6 . 4 8  
6 . 4 3  
6 . 3 3  
6 . 2 0  
6 . 0 5  
5 . 9 5  
5. 86 
5 . 8 0  
5 . 7 6  
5 . 7 3  

o 

O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 
O. 

080 
087 
088 
092 
095 
096 
099 
I01 
102 
105 
105 
107 
107 
107 
108 
108 
108 
105 
106 
105 
090 
099 
098 
I01 
093 

, 

6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
7. 
6. 
6. 
6. 
6. 

94 
79 
91 
86 
86 
93 
88 
87 
88 
83 
86 
82 
82 
84 
81 
79 
76 
81 
71 
66 
14 
74 
76 
64 
91 

T o , o R 

1382 
1382 
1381 
1377 
1372 
1369 
1364 
1359 
1353 
1348 
1344 
1342 
1340 
1339 
1338 
1337 
1336 
1336 
1336 
1335 
1335 
1336 
1336 
1336 
1335 
1335 
1335 
1335 
1335 
1335 
1335 

U~ 

f t / s e c  

3834 
3846 
3851 
3853 
3852 
3850 
3852 
3837 
3835 
3825 
3820 
3821 
3815 
3813 
3812 
3808 
3808 
3806 
3806 
3806 
3804 
3805 
3803 
3806 
3799 
3796 
3821 
38OO 
3806 
3796 
3810 
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APPENDIX I 
RELATIONSHIP BETWEEN VELOCITY AND TOTAL TEMPERATURE PROFILES: 

CROCCO'S RE LATION 

In R e f .  8, p .  1045 ,  i t  i s  p o i n t e d  o u t  t h a t  f o r  t h e  c a s e  o f  c o n s t a n t  
w a l l  t e m p e r a t u r e ,  P r a n d t l  n u m b e r  of  o n e ,  a n d  z e r o  p r e s s u r e  g r a d i e n t ,  
t h e  m o m e n t u m  e q u a t i o n  ( E q .  ( 2 6 . 5 a ) o f  R e f .  8) a n d  t h e  e n e r g y  e q u a t i o n  
( E q .  ( 2 6 . 9 )  o f  R e f .  8) t a k e  o n  t h e  s a m e  f o r m  i f  

To = au + b 

w h e r e  To i s  t h e  l o c a l  s t a g n a t i o n  t e m p e r a t u r e  a n d  u i s  t h e  v e l o c i t y .  
S i n c e  t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  t h e  s a m e ,  t h e n  e i t h e r  a s o l u t i o n  o f  
t h e  m o m e n t u m  e q u a t i o n  o r  an  e x p e r i m e n t  y i e l d i n g  t h e  v e l o c i t y  d i s t r i b u -  
t i o n  a u t o m a t i c a l l y  g i v e s  t h e  d i s t r i b u t i o n  o f  To a c c o r d i n g  to  t h e  r e l a t i o n  

To = au + b 

T h e  c o n s t a n t s  a a n d  b m a y  b e  o b t a i n e d  f r o m  t h e  b o u n d a r y  c o n d i t i o n s  
t h a t  To = T~ w h e n  u = 0, a n d  To = T o = w h e n  u = u=; t h u s ,  

T o  - T w  u 

W o ~ W w u 

A l l  o f  t h e  a b o v e  a s s u m e  a P r a n d t l  n u m b e r  o f  o n e ,  
a i r  w i t h  i t s  P r a n d t l  n u m b e r  - 0 . 7 .  

(Eq. (26.11), Ref. 8) 

w h i c h  i s  c l o s e  f o r  

The variation of To with distance through the boundary layer for 

air with its Prandtl number less than one is illustrated in Ref. 8 on 
p. 1035, and a representative experiment for the insulated wall case 

is shown in Fig. 27. llb on p. 1115. The rise of To above both the wall 
temperature and the free-stream stagnation temperature is required 
for conservation of energy in the boundary-layer flow. 

Since it is the form of the differential equations for momentum and 

energy which yields the Crocco relation To - rw _ ~ and the boundary 
To= - Tw uo~ ' 

conditions determine the constants a and b any solution of these dif- 

ferential equations for the velocity profile, such as the solution for the 
profile in a mixing layer, will give a corresponding total temperature 

distribution. In a mixing layer between a stream at velocity u= and 
total temperature To= and a still air region at u = O, To = Tou=0, the 
result follows that 

1" 0 - Tou=O u 

To= - Tou=o u 

This relation is Crocco's relation for a mixing layer as described 

above, and it is one of the assumptions made by Korst and Chow 
(Ref. 5) in their theoretical development. 
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APPENDIX II 

UNIVERSAL VELOCITY PROFILE 

T h e  t u r b u l e n t  s h e a r i n g  s t r e s s  f o r  a t w o - d i m e n s i o n a l  p a r a l l e l  
f l o w  is  (Ref .  12, Eq .  ( 1 9 . 4 ) )  

r = - p u ' v "  ( I I -1 )  

T h i s  e x p r e s s i o n  c o n t a i n s  t h e  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n  t e r m s  u" 
a n d  v ' .  T h e s e  q u a n t i t i e s  m a y  b e  r e l a t e d  to  t h e  m e a n  v e l o c i t y ,  u, 
t h r o u g h  P r a n d t l ' s  m i x i n g  l e n g t h  c o n c e p t  (Ref .  12, p. 477)  l e a d i n g  to  t h e  
e x p r e s s i o n  of  t u r b u l e n t  s h e a r i n g  s t r e s s  a s  

r = p,~2 I Ou [ Ou --~-y, ~ (Eq . (19 .6) ,  a~f. 12) 

o r ,  f o r  (9~ > 0 ,  a s  
av 

2 

If a g e n e r a l l y  v a l i d  a s s u m p t i o n  m a y  be  m a d e  a b o u t  t h e  v a r i a t i o n  of 
t u r b u l e n t  s h e a r i n g  s t r e s s  w i t h  y t h r o u g h  a b o u n d a r y  l a y e r  a n d  a n  
e q u a l l y  g e n e r a l l y  t r u e  a s s u m p t i o n  m a d e  a b o u t  t h e  v a r i a t i o n  w i t h  y o f  
t h e  m i x i n g  l e n g t h  £ w i t h  d i s t a n c e  in  t h e  b o u n d a r y  l a y e r ,  t h e n  
Eq .  ( I I -2 )  b e c o m e s  a n  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  v a r i a t i o n  
of  ~ w i t h  y, g i v i n g  a s  i t s  s o l u t i o n  t h e  v e l o c i t y  p r o f i l e .  P r a n d t l  a s s u m e d  
t h a t :  

I. The mixing length, ~, varies linearly with y, giving 

,g = Ky (Ref. 12, Eq. (19.26)) 

. T h e  t u r b u l e n t  s h e a r i n g  s t r e s s  i s  c o n s t a n t  a c r o s s  t h e  b o u n d a r y  
l a y e r  a n d  e q u a l  to  t h e  v a l u e  a t  t h e  w a l l  

T = f 0 = T W 

Introducing the "friction velocity" Ur ( u %  of Ref. 12) 

integration of Eq. (II.-2) gives Eq. (19.27) of Ref. 

- Ur In  y + C  u = 

12, 

(II-3) 
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w h e r e  C is  to  be  r e s o l v e d  f r o m  a m a t c h  wi th  the  l a m i n a r  s u b l a y e r .  
E x p e r i m e n t  h a s  y i e l d e d  t h e  c o n s t a n t s  K a n d  C g iv ing ,  f o r  a s m o o t h  
wa l l ,  

_ ( u ¢ )  u = 5.5 + 5.75 log y 
tl  T (Ref. 12, Eq. (20.14)) 

w h e r e  v is  to be  e v a l u a t e d  at  t he  w a l l  t e m p e r a t u r e  f o r  the  c o m p r e s s i b l e  
f low c a s e  (Ref .  12, p. 546). 

T h e  a s s u m p t i o n  t h a t  the  v e l o c i t y  is  l i n e a r  w i th  y in  t h e  l a m i n a r  s u b -  
l a y e r  g i v e s  

in t h i s  r e g i o n ,  

u u T 
ITT A% 

s i n c e  

. ( . r )  ~ T Pw ~ w ( d .  ) 
_ w d y  w 

y v~, pw #w gw 

Reference 12, Fig. 21. 8, p. 546, shows the application of these con- 
cepts to another case in hypersonic boundary-layer flow. 
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APPENDIX III 
ERROR FUNCTION PROFILE 

Prandtl assumed that for a free turbulent shear layer, away from 
the restraining influence of a wall, (Fig. lla) the virtual Kznematlc 
viscosity, E, was constant across the shear layer and equal to the 
velocity difference across the layer times a length proportional to the 
width b of the layer (Ref. 12, p. 481). The resulting expression for 
shear stress is 

- d'G r = pK ,  b (Uma x - Umm) 

If it is further assumed that the shear, 
width b linearly with distance x, then Eq. (23. l), Ref. 12, 

au au 0% (Eq. (23 .25) ,Ref .  12) u-g-~-+ v-b--~-y = E ay= 

with 

E = KI cx  ( u l - u  ~) (Eq. (23 .26)Ref .  12) 

(Eq. (23.5) of Ref. 12) 

or mixing layer, grows in 
becomes 

( I I l -  1 ) 

Equation (III-l) is a partial differential equation relating the velocities 

u and v to the space variables y and x. If the velocity profiles are 
assumed to be similar to each other and to vary linearly in width with 
increasing distance, then they may be reduced to one representative 
profile by dividing the y coordinate by the x coordinate. Thus the 
assumption of linear similarity allows all profiles in y and x to be re- 
duced to one profile in the single variable, y/x. A scale factor, a, is 
applied to account for the actual rate of growth in width of the mixing 
layer and is inversely related to the turbulent eddy kinematic viscosity, 
E, through the relation 

o r  

o = 1 ; U m i n  = 0 
2 x / K  x C 

cr = 1 ; U m m  = 0 

2 x Umax 

The greater the turbulent eddy kinematic viscosity, the less the 
value of ~ and the greater is the spreading rate of the velocity profiles. 

If the continuity equation is accounted for by the introduction of a 
stream function, .~, which contains both u and v velocities, then the partial 
differential equation, Eq. (I), is reduced to an ordinary differential equa- 
tion in the ,,elocity variable, ~, and the space variable, ay/x, becoming, 
after other definitions, (Ref. 12, p. 598), 

F " "  + 2 o 2 F F ' "  = 0 ( E q . ( 2 3 . 2 7 ) , R e f .  1 2 )  ( I I I - 2 )  
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This  equa t ion  was  s o l v e d  by G o e r t l e r ,  
t e r m s  of the so lu t i on  
f r e e  m i x i n g  l a y e r s ,  

_ . ;  o,, (o ÷)] 
u6 2 

where U, and U2 of Ref. 12 are taken to be U~ and O, 
correspond to the present work. 

and the s u m  of the  f i r s t  two 
Fo and F, g ives  the e r r o r  func t ion  p r o f i l e  fo r  

(III- 3) 

r e s p e c t i v e l y ,  to 

The  c o e f f i c i e n t  a r e l a t e s  the m a t h e m a t i c a l  a s s u m p t i o n s  of s i m i l a r i t y  
of the v e l o c i t y  p r o f i l e s  and l i n e a r  g rowth  r a t e  of the width  of the m i x i n g  
l a y e r  to the ac tua l  g r o w t h  r a t e  of an e x p e r i m e n t a l  m i x i n g  l a y e r .  Th i s  
c o e f f i c i e n t  is  not known a p r i o r i  but m u s t  be d e t e r m i n e d  by e x p e r i m e n t .  
Also,  the  above  t h e o r e t i c a l  d e v e l o p m e n t  d e s c r i b e s  the  m i x i n g  b e t w e e n  
two u n i f o r m  s t r e a m s .  Thus  the o r i g i n  of the m i x i n g  l a y e r  o c c u r s  at the  
point  w h e r e  a u n i f o r m  s t r e a m  at u8 has  ju s t  c o n t a c t e d  s t i l l  f luid at 
u = 0. Th i s  c o r r e s p o n d s  to s e p a r a t i o n  of the f low f r o m  a body  with  z e r o  
b o u n d a r y - l a y e r  t h i c k n e s s  (Fig .  l l a ) .  The  a s s u m p t i o n  is m a d e ,  fo r  the  
c a s e  w h e r e  a b o u n d a r y  l a y e r  is p r e s e n t  i n i t i a l ly ,  tha t  the v e l o c i t y  p r o -  
f i l e s  of the  m i x i n g  l a y e r  a s s u m e  the e r r o r  func t ion  f o r m  wi th in  a few 
b o u n d a r y - l a y e r  t h i c k n e s s e s  of the s e p a r a t i o n  point .  A f i c t i t i o u s  point  of 
o r i g i n  (F ig .  l l b )  fo r  the  l i n e a r l y  r e l a t e d  m i x i n g  l a y e r  p r o f i l e s  m a y  then  
be found by e x t r a p o l a t i n g  u p s t r e a m  to the point  of z e r o  m i x i n g  l a y e r  
t h i c k n e s s .  Th i s  point  m u s t  be  l o c a t e d  e x p e r i m e n t a l l y ,  t o g e t h e r  with the 
c o e f f i c i e n t  a. 

68 



UNC LASSIFIED 
Security Classification 

DOCUMe.'T' C0.+RO;. 0A TA- 
~Secu,,ty cl_~e~tt~r,~tJ~- ~*_ *:'re *'o"'~ c ~ ....... °~-*--c ° c-- ~ :ndc':Jn~ :.-nc:=t. sn .r.,~3: ~c c;;.'o:cd .vh3r, :he ~)varaJ[ report. I~ classrffed) 

I OR IG INAT IN  G ACT IU I~ 'Y  (Corporate author) 

Arnold Engineering Development Center, 
ARO, Inc., Operating Contractor, 
Arnold Air Force Station; Tennessee 
S R E P O R T  T I T L E  

TURBULENT CAVITY FLOW INVESTIGATION AT 
MACH NUMBERS 4 AND 8 

J 
22a REPORT SECUR1TY C LA$$1F ICAT ION 

UNCLASSIFIED 
b GROUF I 

N/A 

4. DESCRIPTqVE  NOTES (Type o! repor~ and Jn©lulivo dalom) 

N/A 
S, AUTHOR(D) (L iar  n~ne,  l t r i f  n-me,  dnlt#ll) 

R h u d y ,  J .  P . ,  a n d  M a g n a n ,  J .  D . ,  J r . ,  A R O ,  I n c .  

6. REPO RT D A T E  

J u n e  1966 

e.. CO. TRACT OR GR*.T NO, AF40(600)-IZ00 

b..ROJSCTNO, 8953 

¢' Program Element 6Z405334 

d Task 895303 

7a,  T O T A l .  NO, OF PA¢;EII I 7b .  NO. OF RKFII  

76 { IZ 
~a, O R I Q I N A T O R ' 8  R E P O R T  N U M B I R ( S )  

AEDC-TR-66-73 

Sb. O T H K R  RI~PORT NO~S) (Any other numbere that may be a o s | ~ e d  
this report) 

N/A 
10. A V A I L A B I L I T Y / L I M I T A T I O N  NOTICES 

Q u a l i f i e d  u s e r s  m a y  o b t a i n  c o p i e s  of  t h i s  r e p o r t  f r o m  D D C ,  a n d  e a c h  
t r a n s m i t t a l  to  f o r e i g n  g o v e r n m e n t s  o r  f o r e i g n  n a t i o n a l s  m u s t  h a v e  
p r i o r  a p p r o v a l  of A E D C .  
11. S U P P L E M E N T A R Y  NOTES 

N/A 

12, SPONSORING M I L I T A R Y  A C T I V I T Y  

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r ,  
A i r  F o r c e  S y s t e m s  C o m m a n d ,  
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e  

13 ABSTRACT A n  e x p e r i m e n t a l  i n v e s t i g a t i o n  of t u r b u l e n t  f l o w  o v e r  a c a v i t y  in  a n  
a e r o d y n a m i c  s u r f a c e  h a s  b e e n  c o n d u c t e d .  T h e  t e s t  w a s  c a r r i e d  ou t  a t  n o m i n a l  
M a c h  n u m b e r s  of 4 a n d  8, w i th  R e y n o l d s  n u m b e r s  b a s e d  on f r e e - s t r e a m  c o n d i -  
t i o n s  a nd  l e n g t h  o f  b o d y  a h e a d  of t h e  c a v i t y  of  8 . 0  x 106 a n d  l l . 0  x 106 , r e s p e c -  
t i v e l y .  T w o  c o n d i t i o n s  o f  w a l l - t o - f r e e - s t r e a m  s t a g n a t i o n  t e m p e r a t u r e  r a t i o ,  
0 . 4  a n d  0 . 8 ,  w e r e  t e s t e d  a t M o o =  8 . 0 9 ,  w h e r e a s  a t  Moo= 3 . 9 9 ,  t h e  t e m p e r a t u r e  
r a t i o  w a s  0 . 7 5 .  F o r  a l l  t e s t s ,  t h e  r a t i o  of  i n i t i a l  b o u n d a r y - l a y e r  t h i c k n e s s  to  
c a v i t y  d e p t h  w a s  a p p r o x i m a t e l y  0. Z. M e a s u r e m e n t s  w e r e  m a d e  of  s u r f a c e  p r e s -  
s u r e  a nd  t e m p e r a t u r e ,  and  f low f i e l d  s u r v e y s  of  p i t o t  a n d  s t a t i c  p r e s s u r e s  a n d  
t o t a l  t e m p e r a t u r e  w e r e  p e r f o r m e d .  T h e  t e s t  r e s u l t s  s h o w e d  t h a t  t h e  r e c i r c u l a t i n g  
f l u i d  t e m p e r a t u r e  w a s  no t  l e s s  t h a n  0 . 7  t i m e s  t h e  f r e e - s t r e a m  s t a g n a t i o n  t e m p e r a -  
t u r e  d e s p i t e  d e c r e a s e  of  t he  w a l l  t e m p e r a t u r e  to  0 . 4  t h e  f r e e - s t r e a m  v a l u e .  A 
s a t i s f a c t o r y  c o r r e l a t i o n  w a s  o b t a i n e d  b e t w e e n  t h e  e x p e r i m e n t a l  v e l o c i t i e s  and  
t h e  e r r o r  f u n c t i o n  p r o f i l e  of  G o e r t l e r ,  and  t he  d i s t r i b u t i o n  of  t o t a l  t e m p e r a t u r e  
a c r o s s  t h e  m i x i n g  l a y e r  w a s  a d e q u a t e l y  d e s c r i b e d  by C r o c c o ' s  l i n e a r  r e l a t i o n  
of t o t a l  t e m p e r a t u r e  and  v e l o c i t y .  A v a l u e  of t h e  m i x i n g  c o e f f i c i e n t  n e a r  1Z w a s  
f o u n d  r e g a r d l e s s  of  M a c h  n u m b e r  o r  w a l l - t o - f r e e - s t r e a m  s t a g n a t i o n  t e m p e r a t u r e  
r a t i o .  

i 

,o,M 1 4 7 3  UNCLASSIFIED 

Security Classification 



UNC LASSIFIED 

14 

S e c u r i t y  C l a s s i f i c a t i o n  

KEY WORDS 

airflow 

turbulence 

surface cavity 

super sonic flow 

hyper sonic flow 

pressure measurements 

temperature measurements 

LINK A LINK B LINK C 
. O ' ¢  ] WT J ROLE [ WT RO-E WT 

INSTRUCTIONS 

1, ORIGINATING ACTIVITY: Enter the name and address 
of the contractor, subcontractor, grantee, Department of De- 
fense  ac t iv i t y  or other organiaaf lon (corporate author) issuing 
the report. 

2a. REPORT SECUriTY CLASSIFICATION: Enter  the over- 
all secur i ty  c l a s s i f i ca t ion  of the report. Indicate  whether 
"Res t r i c ted  Da ta "  is included. Marking is to be in accord- 
ance with appropriate securi ty regulat ions. 

2b. GROUP: Automatic downgrading is  spec i f ied  in DoD DI- 
rec t ive  5200, I0 and Armed Forces  Industrial  Manual. Enter 
the group number. Also, when applicable,  show that optional 
markings have been  used for Group 3 and Group 4 as author- 
ized. 

3. REPORT TITLE: Enter the complete  report t i t le  in all 
capital  le t ters .  T i t l e s  in all c a s e s  should be unclass i f ied ,  
If a meaningful t i t le  cannot  be se lec ted  without c l a s s i f i ca -  
tion, show tztle c l a s s i f i ca t ion  in all cap i ta l s  in pa ren thes i s  
immediately following the title. 

4. DESCRIPTIVE NOTES: If appropriate, enter  the type of 
report, e,g,,  interim, progress ,  summary, annual, or f i na l  
Give the inc lus ive dates when a specif ic reporting period is 
covered.  

S. AUTHOR(S): Enter the name(s) of author(s) as shown on 
or in the report. Entre fast name, f i rst name, middle in i t ia l .  
I f  mi l i tary,  show rank and branch of service. The name of 
the principal ,.:.,thor is  an absolute  minimum requirement. 

6. REPORT DAT~_~ Enter the date of the report as  day, 
month, year; or month, year. I f  more than one date appears 
on the report, use date of publication. 

7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures,  he . ,  enter  the 
number of pages con t s ln |ng  information. 

7b. NUMBER OF REFERENCES: Enter the total number of 
references ci ted in the report. 

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the appl icable  number of the contra~'t or grant under which 
the  report Was written. 

8b, 8,:, & gal. P R O J E C T  NUMBER: Enter the appropriate 
military department ident if icat ion,  such as project  number, 
subprojec t  number, sys tem numbers, task number, etc. 

ga. ORIGINATOR'S REPORT NUMBER(S): Enter the offl- 
c lal  report number by which the document will be ident i f ied 
and control led by the originating activity. This  number must 
be unique to this report. 

9b. OTHER REPORT NUMBER(S): If the  report has been 
ass'gned any other report numbers (either by the originator 
or by the sponsor), also enter this number(s). 

I0. AVAILABILITY/LIMITATION NOTICES: Enter  any lim- 
i ta t ions  on further d i ssemina t ion  of the report, other than those I 

imposed by securi ty c lass i f ica t ion ,  using standard s ta tements  
such as: 

(I) "Qual i f ied  reques te rs  may obtain copies  of th is  
report from D D C "  

(2) "Fore ign  announcement end disseminat ion  of this  
report by DDC is not au thor ized ."  

(3) "13. S. Government agencies may obtain copies of 
this report d i rec t ly  from DDC. Other qual i f ied DDC 
users  shall  request  through 

P '  

(4) *'U. S. military agenc ies  may obtain copies  of th is  
report dlrectly from DDC. Other qualified use r s  
shall  request  through 

P~ 
i 

(S) "A/I  distr ibution of this  report is  controlled. Qual- 
ified DDC users  shall  request  through 

If the report has been furnished to the Office of Technica l  
Services, Department of Commerce, for sale to the public, indi- 
cate this fact and enter the price, i f  known, 

11. SUPPLEMENTARY NOTES: Use  for additional explana- 
tory notes.  

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project  offl~.e or laboratory sponsoring (pay. 
in~ for) the research and development. Include address. 

13. ABSTRACT: Enter an abs t rac t  giving a brief end factual 
summary of the document ind icat ive of the report, even though 
i t  :nay also appear elsewhere in the body of the technical  re- 
port. If addit ional space  is required, a continuation shee t  shal l  
be at tached.  

It is highly des i rable  that the abstract  of c l a s s i f i ed  reports 
be unclass i f ied .  Each paragraph of the abstract  shall  end with 
an Indication of the military security c l a s s i f i ca t ion  of the in- 
formation in the paragraph, represented as (TS), (S), (C), or (U). 

There is  no limitation on the length,of the abstract .  How- 
ever, the sugges ted  length is from IS0 to 225 words. 

14. KEY WORDS: Key words are technical ly meaningful terms 
or short phrases  that charac ter ize  a report and may be used as  
Index entr ies  for cataloging the report. Key words must be 
se lec ted  so that no security c l a s s i f i ca t ion  i s  required. Identi- 
fiers, such "as equipment model deslgnation,  trade name, military 
project  code name, geographic location, may be used as kcy 
words but w;ll be followed by an indicat ion of technical  con- 
text, The ass ignment  of links, rules, and weights  is optional. 

UNCLASSIFIED 
S e c u r i t y  C l a s s i f i c a t i o n  


